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Abstract

Cell-penetrating peptides (CPPs) interact with biological membranes, undergo cellular
intake/uptake, and may act as potential drug delivery agents. Understanding the molecular
interactions of these peptides with membranes contributes to gaining a better knowledge of their
potential use in medical and pharmaceutical applications to improve human health. The current
research focuses on understanding the mechanisms of a CPP in interaction with different model
phospholipid membranes. The peptide penetratin (primary sequence: RQIKIWFQNRRMKWKK)
is an example of a CPP that can interact with and pass through biological membranes. The current
thesis provides spectroscopic and calorimetric evidence that penetratin associates with lipid
membranes. Circular dichroism (CD) spectra show that during interactions of penetratin and a
protected analogue with model lipid membranes, their structures change from unordered in buffer
solution and in the presence of PC lipid vesicles to α-helical in the presence of PE/PG and PC/PG
lipid vesicles. The CD spectra of the peptide at relatively low concentrations in both PE/PG and
PC/PG lipid vesicles also provide evidence of self-association in these lipid environments.
Fluorescence spectroscopy reveals that the peptide inserts deeper into the hydrophobic region of
the lipid membranes as compared to the aromatic analogues of the peptide that were tested. The
effect of aromaticity on penetratin’s mechanism of interaction with model lipid membranes reveals
that the two Trp residues assist the peptide to insert deeper into the hydrophobic region of the
membrane. Isothermal titration calorimetry (ITC) studies demonstrate that this positively charged
peptide is attracted to the negatively charged phosphate groups during the interaction with the lipid
membranes. With a possibility of inserting into the hydrophobic region of the lipid membrane, the
α-helical penetratin could self-associate, which in turn could cause disruption of the membrane
structure.
i
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CHAPTER 1 - INTRODUCTION
1.1 Biological membranes
Biological membranes are the boundaries of cells that separate the outside from the inside
of a cell. Membranes prevent unwanted ions and molecules from moving into the cell, and retain
needed ions and molecules inside the cell. They are also selectively permeable to many ions and
molecules. In addition to moving ions and molecules across the membrane, cells also take in and
remove large molecules or even entire unicellular microorganisms.1 Endocytosis is one of the
mechanisms that can actively transport large molecules into a cell. During endocytosis, the
membrane is invaginated to form an area that surrounds the target molecule, ultimately resulting
in a new intracellular vesicle that brings the target molecule inside the cell.1 Figure 1-1 illustrates
three main types of endocytosis including phagocytosis, receptor-mediated endocytosis, and
pinocytosis. Pinocytosis describes the process of “cell drinking” that the cell is intaking in
extracellular fluid with the target molecule. (Pinocytosis was reviewed2 as one of the mechanisms
of the transportation of cell-penetrating peptides through the membrane).
Of the models for biological membranes proposed to date, the fluid-mosaic model in which
the proteins are embedded within a lipid bilayer is most widely accepted. This model, which was
proposed by Singer and Nicolson in 1972,3 has been further developed over time, but it provides
a good basic description of the biological membranes in many cells.4 According to the fluid-mosaic
model, the plasma membrane is composed of a variety of components such as phospholipids,
cholesterol and membrane proteins. These components move fluidly within the horizontal plane
of the membrane in a dynamic process in which phospholipids and proteins are continually moving
past one another.5
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Figure 1-1. Endocytosis – A mechanism for substances to translocate across the membrane.
Phagocytosis describes the process of cell eating that large molecules are taken in by a cell. Pinocytosis is
a process that takes in large molecules (but smaller than the molecules taken in phagocytosis) with water
from the extracellular fluid. Receptor-medicated endocytosis is a process that requires receptor proteins or
membrane proteins in the plasma membrane; these receptor proteins have a specific and selective binding
property for certain molecules. Figure is taken from Ref. 1.

1.1.1 Membrane Phospholipids
Lipids serve a variety of biological functions across species. They work as fuel molecules
and energy storage, as messengers and signal molecules in transduction pathways, as well as
components of membranes.6,7 In prokaryotes, the plasma membrane (or bacterial cytoplasmic
membrane) is composed of a phospholipid bilayer. In eukaryotes, different from prokaryotic cells,
in addition to an external plasma membrane, internal membranes can exist and provide extra
boundaries of cytosolic organelles. The evolutionary formation of these internal membranes over
time creates functional specializations of different cytosolic organelles (e.g. chloroplasts and
mitochondria).6

2
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In eukaryotes, the three major kinds of membrane lipids are phospholipids, sphingolipids,
and cholesterol.7 Phospholipids (Figure 1-2) include phosphoglycerides, which consist of a
glycerol backbone attached to two fatty acid chains by two ester bonds and a phosphate group by
a phosphodiester bond. Phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylglycerol
(PG), and phosphatidylethanolamine (PE) are major phosphoglycerides. Sphingolipids are
different types of membrane lipids, which contain a sphingosine (instead of glycerol) backbone.
The sphingosine backbone can be phosphorylated to form sphingomyelin.7 Cholesterol is
composed of a combination of steroid and alcohol, and helps to modulate membrane stability and
fluidity in different environmental conditions.7 Overall, membrane lipids are amphipathic
molecules that make the outer surface of a membrane bilayer polar and hydrophilic. The
hydrophobic property of lipids are essential to their ability to form membranes by hydrophobic
interactions.6,7,8 The hydrophobic core region of the membrane is mostly composed of fatty acids
(with the exception of cholesterol) which are hydrocarbon chains of various lengths (usually
between 14 and 24 carbons) and various degrees of unsaturation (number of double bonds).6,8
Composition of the lipid components can determine the fluidity of biological membranes.
Phospholipids can form bilayers spontaneously and rapidly by a self-assembly process in
aqueous environments.6,7,8 While the polar head groups of the lipids favor interacting with aqueous
environments on each side of the bilayer, the hydrocarbon tails interact with one another through
hydrophobic interactions. As a result, they can form micelles or bilayered vesicles. The
hydrophobic region in the interior of bilayers acts as a permeable barrier.6 Hydrophobic interaction
is the major driving force for the formation of lipid bilayers. 6 There are other intermolecular forces
that stabilize the structure of a lipid bilayer such as Van der Waals intermolecular forces between
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the hydrocarbon tails, hydrogen bonds and electrostatic attractions between water molecules and
the polar head groups.6,8 Therefore, lipid bilayer structures are very stable.7

Figure 1-2. Membrane phospholipids.
A basic phospholipid structure (shown on the left) contains a glycerol backbone bonded to two fatty acid
chains by two ester bonds and a phosphate group by a phosphodiester bond. The phosphate group bonds to
a polar head group [Substituent (X)], after which the phospholipid is named, and which have different
characteristics. Figure is taken from Ref. 7.
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1.1.2 Model of Lipid Bilayers
The tendency of phospholipids to form a lipid bilayer membrane can be used to form lipid
vesicles (or liposomes), which have been an important experimental tool6 for many membrane and
membrane protein studies, including the current study. These structures can be used to model
biological membranes for experimental purposes.
Model membrane systems mimic the arrangement of lipids in a cell membrane. Lipid
monolayers, which are stable two-dimensional systems with planar geometry and are formed on
the surface of a buffer solution by a method called Langmuir film balance are one example of a
model membrane. This method allows in situ investigation of interactions between biological
molecules and two-dimensional monolayers at the air-water interface.8 Supported lipid bilayers
are a second example of a model membrane system that can be formed on solid supports (e.g.
silicon or mica) by fusion of lipid vesicles onto these solid supports to study interactions of
biological molecules with lipid head groups.8 Liposomes are spherical lipid vesicles which are
composed of phospholipid molecules enclosing an internal aqueous compartment. In practice,
there are three different kinds of liposomes that can be prepared: small unilamellar liposomes
(SUVs, 20-50 nm in radius), large unilamellar liposomes (LUVs, 50-200 nm in radius), and giant
unilamellar liposomes (GUVs, 10,000-100,000 nm in radius).8
In addition to the previous three methods of making model lipid membranes, other model
lipid membrane systems are available that are shown in Figure 1-3.
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Figure 1-3. Other model lipid membrane systems.
A. Giant unilamellar vesicles and blebs. B. Networks of giant vesicles connected by lipid microtubules. C.
Ruptured GUV’s on solid supported bilayers. D. Membrane nanodiscs containing transmembrane proteins.
E. Supported lipid bilayers analyzed by NanoSIMS. F. Ruptured cell membranes on solid supports. G.
Bilayers tethered to a solid support containing ion channels. H. Vesicles tethered to a supported lipid bilayer
by DNA. I Visual representation of multi-scale simulations. Figure is taken from Ref. 9.

1.1.3 Membrane Lipid Phase Transitions
One of the reasons for lipid bilayers to maintain their stability and fluidity under different
environmental conditions is that the phospholipid components can undergo membrane lipid phase
transitions. In response to stresses on the closed system, membrane lipid phase transitions show
changes in the system’s entropy through reorganizing of the system’s components such as
phospholipids or membrane proteins.6,10 Lipids can exist in several phases such as liquid
6
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disordered phase, gel phase and liquid ordered phase. 10 The primary external factor driving most
phase transitions is the temperature of the environment. Temperatures above a lipid bilayer’s
melting point (Tm) will transition lipids to a liquid phase, while colder temperatures will cause a
transition to a solid-like phase. Tm can vary between lipids due to differing structural properties. 10
The other factors that affect phase transitions are the length of fatty acid chains and their degree
of saturation.
There are significant outcomes of membrane lipid phase transitions. Protein aggregation is
one of the results of these transitions (Figure 1-4). The phase transition between phospholipids
surrounding membrane proteins can result in exposing the hydrophobic residues of the protein to
water. In the case where an adequate number of exposed proteins are nearby, this can lead to a
hydrophobic effect-mediated membrane protein aggregation event.10,11

Figure 1-4. Protein aggregation during lipid phase transition.
Different lipid types are sorted together during the process of lipid phase transition, which can result in
association of membrane proteins by the hydrophobic effect of the nonpolar residues. Figure is taken from
Ref. 10.
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1.1.4 Membrane proteins
Membranes are dynamic lamellar structures composed of lipids in which the proteins are
embedded. The protein components play many important roles in biological activities of the cell.
About 30% of genes in the human genome encode membrane proteins.12 Biological membranes
contain lipid-anchored proteins, peripheral membrane proteins, and integral transmembrane
proteins.12,13 Structurally, membrane proteins fall into two major classes of α-helical proteins and
β-barrels. These secondary structures contain mostly non-polar residues that specifically interact
with the hydrophobic region of the membrane.12 To be able to stay within the membrane, the
hydrophobic segments of integral membrane proteins interact and pack together and may further
stabilize by specific interactions with fatty acyl side chains and polar head groups of membrane
lipids.12 Other more polar parts of the membrane proteins are linked to the transitional layers that
interact with the phospholipid head groups, or regions entirely outside the membrane. 12
Extramembrane parts of membrane proteins can have physicochemical properties that are similar
to soluble proteins (e.g. proteins that are found free in the cytosol, endoplasmic reticulum, or
nucleus).12 Porins, unlike helical integral membrane proteins, contain membrane-spanning βsheets. They can form barrel-like openings through the membrane.12,13
Membrane proteins mediate and assist the exchange of matter or energy; they also deliver
information between cell-interiors and cell-surroundings.13 Membrane proteins are involved in a
variety of functions in a cell such as intercellular joining, enzymatic activity, cell-to-cell
recognition, anchorage, cellular transports and signal transduction (Figure 1-5).13,14 In cellular
transport, channels, pores, pumps, and carriers are examples of membrane proteins which
selectively control the import or export of molecules across the cell membranes. 13 Membrane
proteins can also act as receptors which detect and approve the arrival of signals at the cell surface.
8
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Signal transduction15 is the fundamental function of several membrane proteins and other protein
complexes. In short, signal transduction pathways involve the transmission of the presence of
signal molecules or extracellular ligands from the outside of the cell to the inside. Once a signal is
received, the cell responds with a series of cellular activities or intracellular transduction cascades.

Figure 1-5. Functions of membrane proteins (MPs).
In intercellular joining, MPs serve to connect and join cells together. In enzymatic activities, MPs on the
membrane localize metabolic pathways. In cellular transports, MPs control and facilitate active and passive
transports of substances across the membrane. In cell-to-cell recognition, MPs function as markers for the
cellular identification. To function as an anchor, MPs works as attached points for the extracellular matrix
and the cell. In signaling transduction pathways, MPs play as receptors for signaling molecules or
extracellular ligands. Figure is taken from Ref. 13.

1.2 Signal transduction pathway without membrane protein receptors
In a classical signaling pathway, upon the secretion of diverse molecules/ agonists, they
bind to specific cell-surface receptors, and then trigger intracellular transduction cascades.15 On
the other hand, some signaling molecules can directly cross plasma membranes and bind to
intracellular receptors in the cytosol and be carried to the nucleus to be involved in transcription.16
Homeoproteins (described in Section 1.4) are among the few proteins with an ability to initiate
transduction without binding to membrane protein receptors.16
The pathway of signaling with homeoproteins is summarized in Figure 1-6.16
Homeoprotein signaling is known as a pathway that synergizes or co-operates with other signaling
9
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pathways.16 Homeoprotein signaling pathways vary depending on the type of homeoproteins
involved and the type of target cell that receives the signal.16 Homeoprotein signaling begins with
secretion of homeoproteins from a cell, the mechanism of which is still not fully understood.16
Following secretion, most homeoproteins recognize and interact with glycosaminoglycan (GAG)
sugar complexes,17 which are specifically located on the membrane surface of their target cells.16,17
Then, internalization involves a local destabilization of the membrane. 16,18 Within the cell,
homeoproteins can stay in the cytosol and become localized to other intracellular organelles (e.g.
mitochondria).16 Homeoproteins can also enter the nucleus and work as transcription factors which
activate or repress specific target genes.16,18

Figure 1-6. Signaling with homeoproteins.
The process of homeodomain secretion is still not fully understood. Before internalizing into the cell,
hypothetically, homeoproteins (HPs) could recognize their target cells and complex sugars of the
glycosaminoglycan (GAG). The mechanism of the internalization is probably involved a local transient
destabilization of the membrane and followed by rapid reconstruction. Inside the cells, HPs can work as
translational and transcriptional factors. Figure is taken from Ref. 16.
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Glycosaminoglycan sugar complexes are extracellular matrix structures.17 Interactions of
proteins with GAGs are crucial as protein-GAG interactions involve in cell-cell interaction and
cell growth.17 GAGs are long unbranched polysaccharides consisting of a repeating disaccharide
unit.17 Amino sugars (N-acetylglucosamine or N-acetylgalactosamine) are the repeating units
along with a galactose. Glycosaminoglycans are highly negative, polar and attracted to water. 17
Multiple GAG chains attached to a protein core makes a proteoglycan (i.e. a sugar
complex) (Figure 1-7) which have high negative charge density.17 GAG-binding motifs of
homeoproteins consist mostly of arginine and lysine (and sometimes histidine) residues; therefore,
this positive GAG-binding motif could interact with the negative proteoglycan (a sugar
complex).17

Figure 1-7. The structure of a proteoglycan.
The structure of a proteoglycan is composed of a protein core (thick black line), saccharide residues of the
GAG chains (spheres), and N-linked glycans (open white boxes). Figure is taken from Ref. 17.
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There have been several studies of homeoproteins interacting with sugar complexes, two
of them were Orthodenticle Homeobox 2 (Otx2)18,19 and Engrail 1/2 (En1/2)20-24. In short, Otx2
functions in cerebral cortex plasticity and En1/2 functions in axon guidance, and they both are
examples of signaling with homeoproteins, and the sequences of homeodomains of these two
homeoproteins are very conserved.17-20 Otx2 is a homeoprotein which regulates critical periods of
plasticity in the cerebral cortex, and plays different roles in postnatal.17,18 On the other hand, En1/2
expression is graded along the anterior-posterior axis of the tectum, and influences axon
guidance.20-24
Otx2 showed a strong interaction with a sugar complex through the GAG-binding motif in
Otx2 (Figure 1-8).19 Therefore, the internalization of Otx2 through the membrane is involved in
the prior interaction with a sugar complex. On the other hand, even though the role of En1/2 in
growth cone decisions, many publications emphasize that that complex sugars are involved in
guidance,20-24 En1/2 (which also contains potential GAG-binding sequences) did not show any
specific results of interaction, and it rather directly passed through the membrane.18 Therefore, the
mechanism of interaction and penetration across the cell membrane of homeoproteins are still not
well clarified and requires further study.

12
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Figure 1-8. Potential GAG-binding sequences of Otx2 and some other homeoproteins.
Alignment of a subset of homeoproteins that contain an RK-, RR-, KR- or KK-doublet within a
glycosaminoglycan (GAG) binding motif just upstream of the homeodomain. Figure is taken from Ref. 18.

In 1991, Joliot et al.25, while studying the role of signaling of homeoproteins in the
development of the nervous system, accidentally found that the homeodomain of the Antennapedia
protein of Drosophila was able to translocate across cell membranes. To understand the
mechanism of the internalization, these researchers altered the sequence of the homeodomain to
examine the role of primary structures and found that its membrane translocational function was
facilitated by the third helix of the homeodomain. In 1994, originating from the findings of Joliot’s
group, Derossi26 described a synthetic cationic 16 amino-acid long peptide, named penetratin,
from the original third helix of the homeodomain of the Antennapedia protein. Penetratin and other
cationic, anionic, and neutral sequences that have a translocational property across cell membranes
form a group of cell-penetrating peptides.28
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1.3 Cell-penetrating peptides
Cell-penetrating peptides (CPPs) are a family of peptides, which typically consist of
sequences of 5–40 amino acids, and are also known as “Trojan Horse” peptides27, membrane
translocation sequences, or protein translocation domains. 28,29,30 CPPs can pass through
membranes (Figure 1-9)30 of bacteria, plant and mammalian cells via energy-dependent or independent mechanisms without interacting with surface membrane receptors. 27-30 CPPs show a
low cytotoxicity and enhance the cellular internalization of covalently or non-covalently linked
conjugates;28,29 thus, they can potentially work as an efficient vehicle in drug delivery systems.
CPPs attracted attention in the late 1980s after Repke and Bienert31 discovered a receptorindependent activation by substance P analogues; new amphipathic model peptides were
subsequently developed.32 In 1988, Frankel and Pabo33 and Green and Loewenstein34
independently published the ﬁrst evidence of protein transduction into cells. Finally, in 1991, the
homeodomain of Antennapedia, a homeoprotein of Drosophila, was found to enter neuronal
cells.35 This latter finding led to the discovery of penetratin - the peptide to be focused on in this
thesis research.
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Figure 1-9. A diagrammatic representation of a CPP interacting with and passing through a
lipid bilayer.
A positively charged CPP approaches a lipid bilayer resulting in a change in its conformation from random
to helical. During the membrane interaction, this CPP can penetrate across the lipid bilayer by either direct
translocation or via endocytosis. Inside the cell, the CPP can target other cytosolic molecules or continue
to pass to the inside of the nucleus. Figure is taken from Ref. 30.
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1.4 Homeoproteins
The peptide penetratin is an example of a CPP that can interact with and pass through
biological membranes. As mentioned above, penetratin was originally discovered during the study
of homeotic proteins or homeoproteins. Homeosis is the transformation of one organ into
another.36 The word homeotic has its origins in the Greek word homoios, meaning “same” or
“similar.” Bateson defined the term homeosis in 1894.36,37 Homeosis describes a transformation of
one bodily structure to another arising from mutations in certain genes which encode repeated
organs such as petals, sepals, stamens in plants, or segments and vertebrae in aminals.36
In 1978, Lewis studied homeotic transformations linked to a distinctive cluster of genes in
the fruit fly Drosophila melanogaster.36 The study found that the cluster of genes in Drosophila
contained a minimum of eight genes. These genes encode for substances involved in the control
of levels of segmented and abdominal development. Any stimuli that disrupt one or other of this
gene cluster could cause distinctive mutations which result in the development of legs in place of
antennae.36
Following the work on homeotic fly mutants by Lewis, the discovery of a highly conserved
DNA binding sequence in many homeoproteins was further demonstrated. Homeoboxes were
discovered independently in 1983 by Gehring and Scott.37,39 A homeobox is the sequence within
a gene that encodes a homeodomain of a protein.37,39 In general, homeoproteins are proteins that
have a homeodomain, which is a folded protein domain that binds to DNA and has a function in
transcription.37 But homeoproteins bind to a wide range of molecules in addition to DNA (Figure
1-10).18 Homeodomains contain a central conserved tri-helical domain flanked by variable N- and
C-terminal domains. All three domains interact with DNA, RNA, glycosaminoglycans (GAGs),
and proteins.18
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Figure 1-10. Homeoproteins and theirs binding interactions within the cell.
Homeoproteins bind to a wide range of molecules. The homeodomain contains a conserved tri-helix bundle
flanked by variable N- and C-terminal domains that all together form the homeoprotein. These domains can
interact with DNA, RNA, GAGs, and proteins. Functionally, homeoproteins can be involved in RNA
processing and translation, in DNA replication and damage response (transcription factors) and in cell
signaling. Figure is taken from Ref. 18.

1.4.1 Homeodomains
Transcription factors (TFs) are proteins that regulate the transcription of a gene’s DNA
sequence copying into an RNA molecule (the RNA molecules are later on translated by
ribosomes to make a protein). Homeodomains, and therefore homeoproteins, are present in the
entire eukaryote kingdom, including unicellular organisms, fungi, plants and animals.38
Homeodomains account for 15–30% of all TFs in plants and animals only.39 Homeodomains as
TFs approach their target genes (Figure 1-11) by using their DNA binding domains (this domain
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has a limited sequence specificity) which basically recognizes short AT-rich sequences (four to
six nucleotides).38,39,40 These factors help to activate or deactivate specific genes prior to the
process of transcription. A gene with this type of pattern may have several enhancers (binding
sites for activators) or silencers (binding sites for deactivators or repressors). 40
Homeoproteins bind to DNA via their 60 amino acid-long homeodomains.37
Homeodomains are primarily composed of three well-defined helices.36,37,38 The overall structure
of the homeodomain contains helix I and helix II, which pack against each other in an antiparallel
arrangement; helix III (residues 42-58) is roughly perpendicular to the first two helices, and the
hydrophobic face of this extended helix packs against helices I and II to form the interior of the
protein.37 The third helix also promotes internalization of homeoproteins into cells and functions
as the DNA recognition motif.37

Figure 1-11. The interaction of a homeodomain with a double stranded DNA molecule.
In the interaction between a homeodomain and a DNA molecule, the N-terminal arm of the homeodomain
with residues 1-6 contacts the DNA base pairs 11-13 in the minor groove. The loop between helices I and
II are located close to the backbone of the α template strand. The recognition on helix III is located in the
major groove of the DNA near the AT-rich region on the β coding strand.42 Figures are taken from Ref. 37,
41.
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In general, the structure of a homeodomain in homeoproteins can be described as pointshelixI-loop-helixII-turn-helixIII,43 in which prior to helix I, there are some residues (points) at the
N-terminal arm. Helix I and helix II are antiparallel and connected by a loop, then helix II makes
a turn to helix III which is skewed with respect to helix I and helix II. Helix III interacts with the
target molecule.43

1.5 Studies on penetratin – lipid interaction
As previously mentioned, penetratin (primary sequence: RQIKIWFQNRRMKWKK (116)) is a 16 amino acid peptide which is derived from the third helix (which contains 17 amino
acids in total) of the homeodomain of the Antennapedia protein26, which is known to interact with
cell membranes and internalize into cells through a receptor-independent process.35 The
mechanisms for entry by the peptide penetratin and full protein are thought to be similar since all
mutations blocking the entry of the peptide penetratin have the same effect on entry of the fulllength protein.26,37
The structure of penetratin has been shown to be dependent on its environment, and has
been reported as α-helix, β-strand, β-sheets, or random coil.26,44,45 Even though in aqueous
environment penetratin shows a random structure, this structure becomes more ordered in lipid
membranes containing negatively charged phospholipids. Specifically, for a low peptide/lipid
ratio (e.g. P/L: 1/325), penetratin adopts an α -helical conformation,44,45 whereas at a high peptide/
lipid ratio (e.g. P/L: 1/10), the peptide was found to adopt an antiparallel β-sheet conformation.45
It has been reported that one of the special characteristics of penetratin is that the peptide
does not lyse the cell when it penetrates the membrane and reaches the cytosolic environment;30
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thus cell-membrane local perturbation can be a way to explain the ability of internalization.46
Penetratin passes through the membrane of artificial vesicles, depending on their phospholipid
composition. For example, penetratin translocates into model membranes such as large unilamellar
vesicles (LUV), or giant unilamellar vesicles (GUV). 47 Some analogues of penetratin are also
internalized as cell-penetrating peptides.48,49 To evaluate the phospholipid preference of penetratin,
researchers used multilamellar vesicles of varying phospholipid content50 to probe the
phospholipid environment and insertion depth of membranotropic penetratin in model membranes
using benzophenone’s photoreactivity.50 In this thesis, the interaction of the peptide penetratin (and
several of its aromatic analogues) with model lipid bilayers are studied.
In the computational field, the dynamics of association of penetratin with a model dioleoylphosphatidylcholine (DOPC) lipid membrane simulations were used to determine penetratin
conformations in the presence of the bilayer; and the free energy proﬁle of translocation.51 The
conformation of penetratin can be interchanged during its interaction with the membrane as
revealed by a computational study of penetratin’s secondary structure in the presence of lipid
bilayers.52 The region at the C-terminus (residue Arg10 to residue Lys16) changes its secondary
structure, switching between helices (α, π and 310), turn, bend and coil structures. Residue Arg1 is
deeply inserted in the membrane, while residue Arg10 is making a softer contact with it. The
positively charged residues are the ones that lead the way in the internalization process.52 The
direct translocation of penetratin through the membrane can be described as follows52: after residue
Arg1 becomes membrane-bounded, the peptide starts to enter the membrane in an approximately
parallel orientation to the membrane surface. The region around residue Arg10 to residue Lys13
continues to penetrate further within the membrane. As it traverses the membrane, the orientation
changes, orientating perpendicular to the plane of the membrane. Finally, one of the charged

20

MSc Thesis

Chapter 1

An Le, 2020

residues in the second half of the peptide (residues Arg10, Arg11, Lys13, Lys15 or Lys16) breaks
out of the second leaflet, then the peptide enters the cell.51
In an in vivo experiment, internalization of penetratin across the cell membrane was studied
with Madin-Darby Canine Kidney (MDCK) cell membranes.53 (The membrane of MDCK cells is
a model mammalian cell line used in many biomedical research studies). To assess the role of the
positively charged residues in penetratin on membrane interaction, a positively charged residue
was replaced with a hydrophobic residue (for example lysine was replaced with alanine at position
4, or K4A).53 K4A/R11A, K4A/K15A, R11A/K15A and R10A/K13A substitutions decreased the
affinity for negatively charged vesicles as the overall hydrophobicity increased.53 This result
indicated that the initial interaction with anionic membranes is mainly electrostatic (the overall
positively charged penetratin molecule interacted with the negatively charged membrane),
although hydrophobic interactions might also be significant. 53 This result is consistent with the
other publications which indicate that the positively charged residues in penetratin play an
important role in the translocation process across the cell membrane.53
Thermodynamically, also in the interaction with MDCK cells, at 37℃ penetratin uptake (at
any concentrations) can happen via endocytosis (pinocytosis), whereas, at 4℃, penetratin (at low
concentration between 1 µM to 10 µM)2 can enter the cell through direct membrane
interactions.2,53 The thermodynamics of penetratin-lipid interaction and conformational changes of
the peptide in different environments require a more detailed study.
Finally, tryptophan residues in penetratin have been proposed to play an important role in
the process of translocation across the membrane in previous studies.48,49 The depth of insertion of
Trp was measured by quenching with brominated phospholipids,53 and indicated that penetratin
molecules with a tilted orientation remained closer to the water-lipid interface. From the peptide21
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lipid interaction, it showed a deeper insertion of Trp6 compared to Trp14.53 However, the role of
Trp14 in penetratin has not been well understood, and the effect of aromatic residues in penetratin
on the peptide-membrane interaction requires further study.

1.6 Objectives of the research
Penetratin enters cells by translocation through membranes, which means that the peptide
must interact with different parts of the lipid bilayer. The first objective of this thesis is to study
the interaction of the peptide penetratin and the protected analog with model lipid bilayers. From
this objective, the first hypothesis is that the protected penetratin analog is more structured (or
more helical) than unprotected penetratin, and as a result the protected analog will interact with
lipid bilayers more strongly.
The role of positively charged residues in penetratin and in CPPs in general have been
broadly studied, and it has been shown that the positively charged residues interact and lead the
way of penetration through the cell membrane.52,53 On the other hand, even though some
publications indicate that Trp residues strongly affect the insertion of the penetratin peptide in the
membrane,48,49,53 the role of Trp (aromatic) residues in penetratin requires further study. The
second objective of this thesis is to study the effect and influence of penetratin’s aromatic residues
(with a focus on Trp14) in interaction of this peptide with lipid bilayers. From this objective, the
second hypothesis is that if Trp14 in penetratin is replaced with another aromatic residue, the
interaction of penetratin with lipid bilayers will become weaker.
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CHAPTER 2 - MATERIALS AND METHODS
Penetratin and its analogues were synthesized by solid phase peptide synthesis (SPPS)
using Fmoc chemistry (Appendix 1 and 2). Lipid vesicles were prepared as large unilamellar
vesicles (LUVs) which had a diameter of approximately 100 nm.54,55,56 There were three
experimental model lipid bilayer systems (Figure 2-1) used in this research project.49,89 The POPC
system was used to represent a neutral mammalian membrane. POPC/POPG (7:3) lipid system
was used to represent a negatively charged membrane in general. The POPE/POPG (7:3) lipid
system was used to model negatively charged bacterial membranes.49,89 To study the interaction of
the peptides in different environments (Table 2-1); and, the conformational changes of the peptides
in these milieus (Figure 2-1), CD and fluorescence spectroscopies were employed. ITC was used
to determine the thermodynamics of interactions between the peptides and model lipid membranes.

Table 2-1. Experimental methods and different biologically relevant environments.
Environments

CD

FRET

ITC

Buffer solution

10 mM Tris-HCl,

10 mM Tris-HCl,

10 mM Tris-HCl,

150 mM NaF,

150 mM NaCl,

150 mM NaCl,

pH 7.4

pH 7.4

pH 7.4

Organic
environments

80% Methanol,
80% Ethanol,
80% TFE in Buffer,
50% TFE in Buffer.

Lipid bilayers

POPC vesicles,

POPC vesicles,

POPC vesicles,

POPC/POPG (7:3
ratio) vesicles,

POPC/POPG (7:3
ratio) vesicles,

POPC/POPG (7:3
ratio) vesicles,

POPE/POPG (7:3
ratio) vesicles.

POPE/POPG (7:3
ratio) vesicles.

POPE/POPG (7:3
ratio) vesicles.
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Figure 2-1. Phospholipids used to prepare experimental model lipid bilayers.
The structure of three phospholipids used to prepare model membranes are shown: 1-palmitoyl-2-oleoylsn-3-glycero-phosphatidyl choline (POPC, i.e. PC ), l-palmitoyl-2-oleoyl-sn-3-glycero-phosphatidyl
glycerol (POPG, i.e. PG), 1-palmitoyl-2-oleoyl-sn-3-glycerophosphatidyl ethanolamine (POPE, i.e. PE). In
the current study, the three phospholipids are used to generate lipid bilayers PC, PC/PG (7:3), and PE/PG
(7:3).
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2.1 Biophysical techniques
2.1.1 Solid Phase Peptide Synthesis
In the late 1950’s and early 1960’s, the organic chemist, Bruce Merrifield invented a
chemical synthesis process called solid phase peptide synthesis (SPPS), which had a dramatic
effect on synthetic peptide biochemistry.57,58 This method allows the controlled coupling of
successive amino acid residues of a solid support in which amino acids are added linearly, one-byone, through a repetitive sequence of amino acid additions and is followed by cleavage of the
completed peptide chain from the resin to build desired peptides or small proteins. The resin is an
insoluble support on which the growing peptide chain is developed. 57,58
SPPS produces much higher amounts of the final product than any previous process (e.g.
solution phase process).57,58 The ease of washing materials off the solid support by running the
washed solvents through the filter also allows the reaction to be performed with excess reagents.
Performing the reaction in excess stoichiometry of reagents (5-10 times) also lowers the total
required reaction times.57,58
In this research project, penetratin and its analogs were synthesized using the SPPS method
with the fluorenyl methoxy carbonyl protected amino acids (Fmoc method). This method utilizes
a Fmoc protecting group for the N-terminus of the peptide’s growing chain, thus making the
direction of growth of the peptide C to N-terminal.58
A variety of resins are commercially available, and selection should be based on the
characteristics of the peptide to be synthesized. These characteristics include the peptide size, its
hydrophobicity/hydrophilicity, as well as any terminal attachments or modifications that may be
needed (such as, modification of the C-terminal).59,60,61 Two resins were used to synthesize two
different groups of peptides: Wang resin for unprotected peptides with free -NH3+ at N-terminal
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and -COO- at C-terminal; and Rink resin for protected peptides with N-terminal acetylation and Cterminal amidation.
The selection of the organic solvent for synthesis can have dramatic effects on the
properties of the solid phase beads upon which the growing peptide is attached. Two common
universal solvents employed in peptide synthesis are N, N'-dimethylformamide (DMF) and Nmethylpyrolidine (NMP). In these syntheses, DMF was used as the solvent.
The next step in synthesis is the cleavage of the synthetic peptide from the resin. This
requires a cleavage cocktail. The cleavage cocktail is specific to the individual amino acid
sequence, containing excess amounts of scavengers [(e.g. triisopropylsilane (TIS)] to avoid
undesired radical-based side reactions, such as oxidation or alkylation.62 A cocktail solution of
90% TFA: 4% water: 2% 1,2-ethanedithiol (EDT): 4% TIS was used to perform peptide cleavage
from the resin.
The final stage in the synthetic procedure is to isolate the crude synthetic product from the
cleavage cocktail. This can be accomplished by rotary evaporation. When everything is
evaporated, it is common to wash the crude powder with cold diethyl ether (kept at -20℃) to
remove the hydrophobic and washable contaminant substances from the crude powder.
The crude peptide product was analyzed for homogeneity and molecular mass by analytical
RP-HPLC and electrospray ionization mass spectrometry (ESI-MS), respectively. The crude
peptide was further purified with semi-preparative RP-HPLC.
In the synthesis of protected peptides, acetylation of the first amino acid protects the Nterminus of the peptide and amidation of the last amino acid protects the C-terminus of the peptide.
Together N-terminal acetylation and C-terminal amidation stabilize the overall peptide molecule
and enhances the helicity of the peptide.63,64 Acetylation involves suspending the resin in a DMF
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solution containing acetic anhydride (50 equivalents based on resin substitution) and DIPEA (50
equivalents based on resin substitution) then gently shaking at room temperature for 30 minutes
before filtering and washing the resin with DMF. Amidation happens when the peptide is cleaved
from the Rink resin. Similar to the unprotected peptides’ case, analytical RP-HPLC and ESI-MS
were utilized to determine the overall quality of the synthesis and purity of the peptides; and semipreparative RP-HPLC was then used to further purify the peptides.
UV absorption measurements from 220 nm to 400 nm were performed using a Varian
Cary50 spectrometer at the excitation and emission wavelengths of tryptophan to determine the
concentration of the peptides stock solutions.49,89

2.1.2 Reversed Phase High Performance Liquid Chromatography
Chromatography is widely used in the separation and purification of chemical compounds.
The HPLC method has been developed since the 1970s after many developments on the liquid
chromatography from the early 1940s to the late 1960s. 65 There are two phases in HPLC, a
stationary phase and a mobile phase. The chromatography column is designed in a way that
chemical compounds that interact differently with these two phases could be separated with
different retention times. A stationary phase is usually packed with solid particles. On the other
hand, in HPLC mobile phases are liquids to carry the substrate along the chromatography
column.66
There are normal phase (NP) HPLC and reversed phase (RP) HPLC techniques. The
difference between reverse phase and normal phase is the polarity of the stationary phase and
mobile phase. In NP-HPLC, the silica stationary phase is polar, and the mobile phase is nonpolar (usually hexane). In RP-HPLC, the stationary phase is non-polar, and the mobile phase is
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polar (usually mix of water and other solvents such as acetonitrile). There are many advantages
of using reverse phase HPLC in the purification of synthesized peptides compared to normal
phase HPLC. In peptide purification, we use a large amount of solvent, the mobile phase of RPHPLC uses water which costs less compared to hexane in normal phase HPLC. Also, it is more
environmentally friendly when dealing with the solvent as chemical waste after the peptide
purification.
RP-HPLC columns are packed with long linear hydrocarbon chains that are immobilized
onto the resin to make the stationary phase hydrophobic. The columns in RP-HPLC could be
packed with a chain of hydrocarbons that contains 2C, 3C, 4C… up to 18C. 66
Gradient elution is often chosen to obtain better separation resolution. Detection of samples
is mostly done spectroscopically. Two commonly used solvents in RP-HPLC are acetonitrile
(AcCN) and water (both with 0.05% trifluoroacetic acid, TFA).66 AcCN is chosen due to its good
UV transparency, ability to dissolve organic substances and ability to remove most of the proteins
in the column.
In addition to purification analysis, RP-HPLC is also a helpful tool in the analysis of the
hydrophobic surface exposure of a substrate in the column. Peptide segments that have a longer
retention time would possess a higher amphipathic character with larger hydrophobic surface.

2.1.3 Electrospray Ionization Mass Spectrometry
Electrospray ionization mass spectrometry allows the determination of peptide masses in
their non-fragmented forms. This method was first proposed by Dole in 1968,67,68 and further
developed by Fenn (who was awarded the 2002 Nobel Prize in Chemistry) in the late 1980s. 69
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Mass spectrometry requires small sample amounts and volumes (picogram scale). This
method operates by separating ionized molecules under a magnetic field based on their mass-tocharge ratio.70 In its procedure, common solvents are acetonitrile, methanol, and water. To these
solutions it is common for 1% acetic acid or 0.1% formic acid to be added. 70,71,72 The addition of
the acid stabilizes the ionization process and increases sensitivity.
To identify the molar mass of the product, the theoretical mass must be known. A sample
for ESI-MS analysis contains peptide, water and acetic acid (the peptide is initially dissolved in
80% water: 20% acetic acid solution). The acetic acid provides a source of protons to facilitate the
ionization process. The sample is dispersed by electrospray to aerosols droplets. The aerosol is
placed into the first vacuum stage of a spectrometer through a capillary which carries a potential
difference. The aerosol will be heated to further evaporation until it reaches the Rayleigh limit. At
this point, the aerosol droplet is deformed to unstable charge ions, then it undergoes Coulomb
fissions to form smaller and stable droplets. Finally, the gas-phase ion is formed, producing the
charges in these stable droplets. The spectrum peaks represent charge states which correspond to
the fraction of mass over a charge (m/z).

2.1.4 Lipid vesicles preparation
Model lipid membrane (previously described in Section 1.1.2) simplify the structure of the
complex cell membrane to the bilayer membrane that only contains phospholipid components.
Lipid vesicles are one of the model membranes as they show the closest similarity to the cell
membranes as bilayer membrane. Lipid vesicles have been prepared as LUVs and SUVs.54,55
LUVs have a diameter of approximately 100 nm, where SUVs have a diameter of approximately
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25-30 nm.56,57 In this work, PC, PE/PG, and PC/PG are made by the bi-passed extrusion technique
with the size of these vesicles is limited around 100 nm to make LUVs.

2.1.5 Circular Dichroism Spectroscopy
Circular Dichroism (CD) Spectroscopy became a crucial method for the determination of
the secondary structures of proteins since the 1960s.73 This method was first invented by Biot,
Fresnel and Cotton in the early 19th century.74 Circularly polarized light passes through an optically
active medium with different velocities for right-handed and left-handed circularly polarized light
or so-called optical rotation.73,75 CD spectroscopy is broadly utilized in biological research to study
changes in the conformation of the macromolecules, or to investigate the interactions with small
molecules such as lipid vesicles.76
Absorption of circularly dichroic light by peptides or small proteins requires that they
contain a chromophore that is chiral or optically active. 76 In the 190-260 nm range the
chromophores in peptides and proteins are the peptide backbone.77,78,79 Specifically, the absorption
energy band near 220 nm arises from the weak n → π* transition of the non-bonded orbitals of the
carbonyl oxygen participating in the peptide bond. The higher energy absorption band around 190
nm arises from the excitation of the π → π* transition electrons on the carbonyl oxygen.78,79 The
absorption coefficients of these chromophores are sensitive to the conformation of the
biomolecules; therefore, different secondary structures produce their own specific CD profiles
(Figure 2-2).
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Figure 2-2. Typical CD spectra of protein backbone.
The CD spectra of the three basic secondary structures (α-helical (the blue line), β-sheet (the red line) and
an unordered/random structure (the green line) of proteins or small polypeptide chains. Figure is taken from
Ref. 80.

The proteins that have alpha helical structures exhibit a minimum at around 222 nm arising
from the n → π* transition; and a coupled minimum and maximum at around 208 nm and 190 nm,
respectively, detected from the higher energy π → π* transition.78 The proteins that have beta sheet
conformations produce a broad negative absorption band at around 215 nm and a positive band at
around 198 nm. This beta sheet conformation exhibits different types of beta sheets, parallel and
antiparallel, and a higher degree of turn structures.78 The random coil or unordered structure
produces a CD spectrum that is characterized by a broad minimum at around197 nm and a very
small maximum at around 205 nm. The last major conformations of peptides and small proteins
are the turn conformations. There are three broad classes of turns that are: alpha, beta, and
gamma.78,79 This group of secondary structures in peptides and small proteins exhibits the most
conformational flexibility, making an exact structural determination very difficult.
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2.1.6 Fluorescence and Resonance Energy Transfer
The interaction between the peptide and its analogs with lipid membranes can also be
studied by steady-state fluorescence spectroscopy which measures the fluorescence properties (for
example, resonance energy transfer RET) of tryptophan and other aromatic residues (the
anticipated fluorophores present in penetratin and its analogs).
Fluorescence spectroscopy is one of the most commonly used spectroscopic techniques in
biochemistry and biophysics for studying structure-function relationships or structure and activity
within whole cells.81 This spectroscopic method provides information about the presence of
different groups of molecules and the environment surrounding the molecules. The fluorescence
technique is popular for its sensitivity to changes in structural and dynamic properties of
biomolecules.82
The mechanism of fluorescence involves the luminescence from the light emission of
particles (Figure 2-3). After the particles are excited by applying energy to one of the higher energy
levels, then it relaxes to the lower energy level singlet state (S1), the fluorescence process happens
when the radiation particle relaxes to the ground state (S0) from the singlet state (S1). Various
pathways for particle’s relaxation of the excited radiation could happens simultaneously for
examples of non-radiative relaxation via heat formation or phosphorescence via triplet state. 81 The
emitted fluorescence light has a longer wavelength (or lower in energy) than the absorbed radiation
light. The emission of light in fluorescence usually occurs between 10-12 to 10-8 s.
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Figure 2-3. Jablonski’s diagram demonstrates the mechanism of the fluorescence.
S indicates energy states of an electron in a molecule. So represents to the ground state of the energy level,
whereas, S1, S2, S3 are representative for higher excited energy states. Figure is taken from Ref. 83.

Three aromatic amino acids in the peptide chain, Tyr, Phe and Trp are fluorophores,84
where Trp has a high sensitivity to its local surrounding environment. 84 The absorption range of
Trp has a longer wavelength interval than that of Phe and Tyr. At a wavelength of 280 nm,
overlapping of emission and absorbance could occur. The overlapping of the emission spectrum
can be eliminated by an excitation at a wavelength longer than 293 nm. Tyrosine residues absorbs
light around 275 nm and have a fluorescence emission at 303 nm in aqueous buffer. And lastly,
phenylalanine residues absorb light near 260 nm and its fluorescence emission occurs at 282 nm
in water.84
Fluorescence resonance energy transfer (FRET or RET) is used in studies of biomolecular
structures and their dynamics. The method estimates the distances between the donor-acceptor
fluorophore pairs, typically in the range of 10-100 Å.85
Upon excitation at either 280 nm, Tyr can act as a donor to Trp. The fluorescence emitted
by the donor is then absorbed by the acceptor (Trp). The energy transfer between donor and
acceptor requires a dipole-dipole interaction coupling between the two donor-acceptor
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fluorophores.84 The emission spectrum of the donor overlaps with the absorption spectrum of the
acceptor, then the overlap integral [J(λ)] between the donor and the acceptor can be calculated.84
To be able to determine the distance r between the donor and the acceptor in FRET, the
energy transfer efficiency E and Forster distance R0 can be determined from experimental data.
The transfer efficiency E is measured using the relative fluorescence intensity of the donor, in the
presence FDA and the absence FD of the acceptor: 𝐸 = 1 −

𝐹𝐷𝐴
𝐹𝐷

.

The calculation of Forster distance within a donor and an acceptor requires the donor’s
quantum yield (QD) in the absence of the acceptor, and can be calculated from the following
equation:
𝑄𝐷 =

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝐷𝑜𝑛𝑜𝑟 (𝑌𝐹)
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑇𝑦𝑟 𝑎𝑡 280𝑛𝑚
×
× 𝑄𝑆
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑇𝑦𝑟
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐷𝑜𝑛𝑜𝑟 (𝑌𝐹 ) 𝑎𝑡 280𝑛𝑚

Where, QD is the quantum yield of the fluorophore in the peptide; QS is the quantum yield of the
standard Tyr amino acid; and fluorescence of the protein and the amino acid are from the area
integrated under the curve of corrected fluorescence spectra of the peptide and standard. The
standard quantum yield QS for Tyr and Trp at wavelength λ= 280 nm are 0.14±0.01 and 0.13±0.01
respectively.84
1

The equation 𝑅0 = 0.211[𝐾 2 𝑛−4 𝑄𝐷 𝐽(𝜆)]6 (𝑖𝑛 Å) is used for this purpose, where J(λ) is
the overlap integral which describes the degree of spectral overlap between the donor’s emission
(Tyr) and absorption by the acceptor (Trp).
Forster distance (R0, which has 50% efficiency of energy transfer), as well the donor-toacceptor distance (r) can be also determined from experiments. This fraction is expressed as:
𝑟 = 𝑅0 (

1−𝐸 1
𝐸

)6 .
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2.1.7 Isothermal Titration Calorimetry
Calorimetry is a method of measuring the heat that is produced from a chemical reaction
or even a physical change from an interaction. The very first calorimetric method was discovered
by Black86 in 1761 when he introduced the concept of latent heat in the ice-calorimeter.86 Since
the late 1990s, isothermal titration calorimetry (ITC) has been used to determine the
thermodynamic parameters of interactions in solution. 87 The ITC can study the thermodynamics
of binding of the peptide and its analogs with lipid membranes. ITC provides thermodynamics
information (such as heat, enthalpy of binding, binding constant and free energy of binding) about
the interaction of peptides and peptide complexes with the lipid bilayers.48,88,89 ITC can be used in
many different interaction systems, for example peptide-lipid, DNA-DNA, DNA-RNA, DNAprotein, RNA protein, antibody antigen, small molecule-protein, DNA-small molecule and
enzyme-inhibitor.64,65
In the ITC measurement, when the two molecules are interacting, heat is released to the
surrounding environment or absorbed by the system; and a thermodynamic profile can be
determined as a result.90 In the case of peptide-lipid interactions, the macromolecule inside the cell
would be the peptide and the injected lipid vesicles. The peptide would then be the binding site for
the injected lipids. There is a sample cell (which contains the solution of peptide in buffer) and a
reference cell (which contains water as a reference). Small injections of a solution of the ligand
(lipid vesicles are used in my research) are added to the sample cell containing its binding partner.
As the bimolecular interaction occurs in the sample cell where peptide interacts with the injected
lipid vesicles, an amount of heat will be released or absorbed. The instrument maintains a constant
temperature (e.g. at 30℃) which is the temperature difference between the sample cell and the
reference cell. Thus, the instrument can electronically detect the amount of released or absorbed
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heat. The baseline conditions for the system is obtained by titrating the lipid vesicles into the
buffer. Finally, the amount of heat that is required to maintain this difference between the reference
and sample cells can be integrated over the time of injection, and can generate the heat of binding
profile to determine the thermodynamic parameters (for data analysis). 89,90
When analyzing peptide and lipid vesicle interactions, a thermodynamic profile must fit
the data with an appropriate mathematical model. One common model for studying peptide-lipid
interactions is the partition model.90,91 Theoretically, this model can produce the Gibbs free energy
using the equation ∆𝐺° = -RTln 55.5 Ka; where R is the universal gas constant, T is the temperature,
and Ka which is a binding constant can be obtained from the previous equation.90 Practically,
following the measurements of heat of binding from the interaction between a peptide and lipid
vesicles, the results of Ka, ∆𝐻° and ∆𝑆° were generated by the ITC software system. Finally, the
Gibbs free energy can be determined by the general thermodynamic equation of ∆𝐺° = ∆𝐻° 𝑇∆𝑆°.91
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2.2 Materials and experimental procedures
2.2.1 Solid Phase Peptide Synthesis
2.2.1.1 Materials. Penetratin and its aromatic analogs were synthesized by solid-phase Fmoc
chemistry procedures on Wang resin (unprotected peptides) and Rink resin (protected peptides).
Fmoc-protected amino acids, coupling reagents, solvents and resin supports used for peptide
synthesis were purchased from either Novabiochem-EMD Biosciences or Advanced
ChemTech.49,89 Phospholipids are from Avanti Polar. HCTU (Matrix, Quebec, Canada) and HOBt
(Advanced Chemtech, Louisville, Kentucky, USA) and DIPEA (Matrix, Quebec, Canada) were
used to activate the C-terminus of the growing peptide chain. The cleavage cocktail contained 90%
trifluoracetic acid (TFA) (EMD Chemicals Inc., Darmstadt, Germany), 4% water (ultrapure), 2%
ethanedithiol (Sigma Aldrich, Milwaukee, USA), 4% triisopropylsilane (Sigma Aldrich,
Milwaukee, USA). Diethyl ether (Sigma Aldrich, Milwaukee, USA) was used to crystallize the
peptide. Other chemicals were also from either Sigma Aldrich or EMD Chemicals Inc.
2.2.1.2 Experimental procedures.
Unprotected peptides. An amount of 0.05 mmol of Fmoc-Lys-Wang resin (0.7 mmol.g-1)
was used to start the synthesis. This resin was swollen in DCM for 15 minutes, then DCM was
removed by a water suction vacuum. Deprotecting the Fmoc group (in 20% piperidine in DMF)
was performed simultaneously with activating the next added amino acid [in 0.25 mmol HOBt,
0.25 mmol HBTU, and 0.5 mmol DIPEA (added in the last 30 seconds)] (15 minutes). Coupling
of the deprotected N-terminal amino acid the activated Fmoc-protected C-terminal amino acid was
performed in 30 minutes. Repeatedly, each amino acid in the penetratin sequence was added in the
same manner. The last amino acid in the sequence was deprotected before performing resinpeptide cleavage.
37

MSc Thesis

Chapter 2

An Le, 2020

Protected peptides. An amount of 0.05 mmol of Rink resin (0.53 mmol.g-1) was used to
start the synthesis to amidated protect the C-terminal in the synthetic peptide. This resin was
swollen in DCM for 15 minutes and the first amino acid and subsequent amino acids were added
to the resin using the same procedure as explained above. N-terminal acetylation was conducted
by adding 2.5 mmol DIPEA and 2.5 mmol acetic anhydride in 3 mL DMF in 30 minutes. At the
final step, resin-peptide cleavage was performed.
Resin-peptide cleavage. The same protocol was used to cleave the unprotected peptides
and protected peptides from Fmoc-Wang resin and H-Rink resin. The peptide was cleaved from
the resin in 3 mL cocktail solution which contained 90%TFA:4%H2O:2%EDT:4%TIS for 2 hours;
then another 3 mL cocktail solution was added and the procedure repeated for another 2 hours.
The peptide solution was obtained in a pre-weighted round bottom flask by applying N2 gas
(positive pressure). A rotary evaporation apparatus was used to evaporate the cocktail solution.
Diethyl ether was used to wash the crude peptide. Finally, to get the peptide in solid state (powder),
a Labconco lyophilization instrument was used.

2.2.2 Reversed Phase High Performance Liquid Chromatography
2.2.2.1 Materials. Synthetic peptides, acetonitrile (HPLC grade, EMD Chemicals Inc. (Darmstadt,
Germany), methanol (HPLC grade, Sigma Aldrich, Milwaukee, USA), water (ultrapure).
2.2.2.2 Experimental procedure.
Analytical HPLC. Symmetry 300TM C4 5 µm analytical column (3.9 mm x 150 mm) was
used as a stationary phase. About 1 mg of a peptide was dissolved in 100 µL Milli-Q water, 10 µL
sample was injected at a time. With the flow rate of 0.75 mL/min, the mobile phase was eluted
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over a linear gradient from 100% water (containing 0.05% TFA) to 100% acetonitrile (containing
0.05% TFA) in 35 minutes.
Semi-preparative HPLC. Water SpherisorbR S10 C8 semi-preparative column (10 mm x 250
mm) was used as a stationary phase. Crude peptides were dissolved in ~10.00 mL Milli-Q water.
The peptide solution was further dissolved in a bath-sonicator. There were 4 rounds of the
purification. In each round, 2.5 mL sample was injected. With the flow rate was 3.00 mL/min, the
mobile phase was eluted over a linear gradient from 100% water (containing 0.05% TFA) to 100%
acetonitrile (containing 0.05% TFA) over 35 minutes.

2.2.3 Electrospray Ionization Mass Spectrometry
2.2.3.1 Materials. Synthetic peptides, 99% acetic acid (Sigma Aldrich, Milwaukee, USA), water
(ultrapure).
2.2.3.2 Experimental procedure. The sample for ESI-MS analysis is initially dissolved in 80%
water: 20% acetic acid solution. The measurements were performed by the Waters Micromass ZQ
Mass Spectrometry system. The result of spectrum peaks represents charge states which
correspond to fractions of mass over a charge (m/z).

2.2.4 Lipid vesicles preparation
2.2.4.1 Materials. The lipids (Avanti Polar Lipids, Alabama USA) used to construct the model
membrane systems were 1-palmitoyl-2-oleoyl-sn-3-glycero-phosphatidylcholine (POPC), lpalmitoyl-2-oleoyl-sn-3-glycero-phosphatidylglycerol

(POPG),

1-palmitoyl-2-oleoyl-sn-3-

glycerophosphatidylethanaloamine (POPE); buffer solution (Table 2-1), water (ultrapure).
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2.2.4.2 Experimental procedure. Chloroform in stock solutions of lipids POPC, POPC/POPG,
and POPE/POPG (both at 7:3 molar ratio) was evaporated and dried with a nitrogen gas stream in
a round-bottomed flask (RBF) forming a thin film layer. The thin layer of lipids in RBF was further
dried and vacuumed with a reduced pressure apparatus overnight. The dry lipid film was then
rehydrated by adding an proportional amount of buffer solution and extruded through a 100 nm
filter in a mini extruder (Avanti Polar) to produce LUVs.89 Then, the sizes of the lipid vesicles
were determined by dynamics light scattering method (Dyna Pro Plate Reader II, Wyatt).

2.2.5 Circular Dichroism Spectroscopy
2.2.5.1 Materials. Synthetic peptides, water (ultrapure), lipid vesicles (PC, PC/PG, PE/PG), CD
buffer solution (Table 2-1).
2.2.5.2 Experimental procedure. CD spectra were measured by Aviv 215 spectropolarimeter
(Aviv Biomedical, NJ) in the solution of 10 mM Tris-HCl and 150 mM NaF buffer at pH 7.4.
Sodium fluoride is used instead of NaCl to reduce the chloride absorption in measurements below
200 nm and increase to resolution of the spectra.89 To make samples for the CD measurements,
two 1.5 mL vials were used. The first vial contained a peptide in buffer (or only peptide when
measured with an organic environment). The second vial contained a solution of an experimental
environment such as lipid vesicles. The solution of an experimental environment was quickly
added to the peptide solution. The mixture was shaken on a shaker for 5 seconds. Samples in CD
buffer (~350 μL) were subject to far-UV CD spectroscopy at room temperature in high precision,
quartz cuvettes of 1 mm path lengths. Ellipticities were reported as mean residue ellipticity, [θ],
and the spectra were measured in the far-UV range between 190 nm and 260 nm.
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2.2.6 Fluorescence and Resonance Energy Transfer
2.2.6.1 Materials. Synthetic peptides, water (ultrapure), lipid vesicles (PC, PC/PG, PE/PG),
fluorescence buffer solution (Table 2-1).
2.2.6.2 Experimental procedure. Fluorescence measurements were performed on a Duetta
Fluorescence and Absorbance Spectrometer in the solution of 10 mM Tris and 150 mM NaCl
buffer at pH 7.4. All fluorescence intensities were corrected for the inner filter effect, and had the
corresponding blank subtracted to produce final raw data. To make samples for the fluorescence
measurements, two 4 mL vials were used. The first vial contained a peptide in buffer (or only
peptide when measured with an organic environment). The second vial contained a solution of an
experimental environment such as lipid vesicles. The solution of an experimental environment was
quickly added to the peptide solution. The mixture was shaken on a shaker for 5 seconds. Samples
(2.5 mL) measured both with UV Absorption and Fluorescence Spectroscopy at the same time.
Two excitation wavelengths (280nm and 295nm) were used for fluorescence measurement for
peptides in each system. Emission data was collected from 290-500 nm at 280 nm excitation
wavelength, and 303-500 nm at 295 nm excitation wavelength.

2.2.7 Isothermal Titration Calorimetry
2.2.7.1 Materials. Synthetic peptides, water (ultrapure), lipid vesicles (PC, PC/PG, PE/PG), ITC
buffer solution (Table 2-1).
2.2.7.2

Experimental

procedure.

ITC

measurements

were

measured

by

VP-ITC

microcalorimeter (MicroCal, NJ) at 30 °C. Sample of peptides and lipid vesicles solutions were
degassed under reduced pressure device with magnetic bar stirring for 5 min. The ITC
measurement conditions (Table 2-2) were monitored by the VP-ITC software. Three lipid vesicle
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systems were used for ITC experiments: POPC, POPC/POPG and POPE/POPG (10 mM lipid
concentration each). The lipid vesicles were dispersed in 10 mM Tris and 150 mM NaCl buffer at
pH 7.4. The peptide samples were prepared in buffer solution. The sample cell volume is 1.4352
mL. Baseline adjustment was running by injecting lipid vesicles into the sample cell containing
only buffer solution (blank).89 The same measurements of injection of lipid vesicles into the sample
cell containing the peptide samples were conducted. Heat flow per injection is corrected by
subtracting this blank from the measurements.

Table 2-2. ITC measurement conditions.
Total number of injections
Cell temperature (℃)
Reference Power (µcal/sec)
Initial Delay (s)
Stirring Speed (rpm)
Volume (µL)
Duration (s)
Spacing (s)
Filter Period (s)

30
30
15
60
460
10
20
180
2
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CHAPTER 3 - RESULTS AND DISCUSSION
3.1 Synthesis of penetratin peptide and its aromatic analogues
Two versions of penetratin were synthesized (Figure 3-1). The first version is penetratin
(Pen1) in its unprotected form (molar mass: 2246.7 Da). This unprotected version of penetratin
represents a regular small protein whose entire sequence contains 16 amino acids. The second
version is a protected form of penetratin (Pen2) with an acetyl protecting group at the N-terminal
and an amide protecting group at the C-terminal (molar mass: 2287.8 Da). This protected version
of penetratin is a mimic of the third helix of the homeodomain when the peptide is a part of the
protein. Unprotected and protected penetratins, and their analogues, all have a net charge of +7.

Figure 3-1. Two versions the penetratin peptide were synthesized.
The first version is an unprotected penetratin (Pen1) with -NH3+ at the N-terminal and -COO- at the Cterminal. The second version is a protected penetratin (Pen2) with an acetylated N-terminal (Ac) and an
amidated C-terminal (amide).

Both versions of penetratin were synthesized using SPPS and analyzed using RP-HPLC
and ESI-MS. The major peak from analytical HPLC of Pen1 (Figure 3-2) showed that the crude
product contained mostly the desired peptide. As shown in Figure 3-3A, one half of the molar mass
of the major peptide in the crude product range has a major peak at 1124 Da which corresponds to
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a full mass of approximately 2248 Da. Other mass/charge (m/z) ratios shown in Figure 3-3B all
correspond to the expected mass of Pen1. These results confirmed that the penetratin peptide was
successfully synthesized. The peptide was further purified by semi-preparative RP-HPLC, and the
homogeneity of the pure peptide was verified by analytical RP-HPLC and ESI-MS. Figure 3-4
shows a homogeneous single peak for the highly pure penetratin peptide Pen1, with m/z of 375
(+6), 450 (+5), 562 (+4), and 749 (+3), corresponding to the expected peptide mass of ~ 2248 Da
(Figure 3-5).
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Figure 3-2. Analytical RP-HPLC analysis of crude unprotected penetratin (Pen1).
An amount of 10 µL of penetratin was automatically injected into the stationary phase column at a
concentration of 10 mg/mL in water. The flow rate was 0.75 mL/min. The mobile phase elution conditions
were from 100% (water + 0.05% TFA) to 100% (AcCN + 0.05% TFA) in 35 minutes. The elution profiles
of penetratin were monitored at 220 nm (A) and 280 nm (B). The chromatograms indicate the presence of
one major peak at 21.6 min.
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[M+2H]2+

[M+5H]5+

[M+4H]4+

[M+3H]3+

Figure 3-3. Mass spectrum of crude unprotected penetratin (Pen1).
A, Expanded region shows charge state of +2 which correspond to the half-mass of the peptide with the
m/z of 1124.2 Da. B, Spectrum displays charge states of +5, +4, and +3, which correspond to the m/z of
450.4, 562.6, and 749.7 indicating a full mass of ~2248 Da.
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Figure 3-4. Analytical RP-HPLC chromatograms of the first purification of penetratin
(Pen1).
About 1 mg of purified penetratin was dissolved in 100 µL Milli-Q water; and 10 µL of sample was injected
into the stationary phase column at a time. The flow rate was 0.75 mL/min. The mobile phase elution
conditions were from 100% (water + 0.05% TFA) to 100% (AcCN + 0.05% TFA) in 35 minutes. The
elution profile of penetratin was monitored at 220 nm (A) and 280 nm (B). The chromatograms indicate the
presence of one major peak at 19.8 min.
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[M+5H]5+

[M+4H]4+

[M+6H]6+
[M+3H]3+

Figure 3-5. Mass spectrum of the purified penetratin (Pen1).
A, Spectrum displays charge states of +6, +5, +4, and +3, which correspond to the m/z of 375.6, 450.4,
562.6, and 749.7 indicating a full mass of ~2248 Da. B, Calculated from the left spectrum displays, the
molar mass of the purified Pen1 is 2248 Da. (See Appendix 3., for calculations of the full mass)
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A similar approach was used to synthesize and purify other penetratin analogues, shown in
Table 3-1 and Appendix 1B. In Table 3-1, there are two versions of penetratin and its aromatic
analogues. Unprotected penetratin (Pen1) contains two Trp residues (bold and underlined in
black). The unprotected aromatic analogues (Pen4, Pen5, Pen6) were synthesized by replacing one
or both of the two Trp residues with either Tyr or Phe residues (bold and underlined in red). The
same approach was used to synthesize the protected peptides (Pen2, Pen9, Pen10, Pen11) with
protected N-terminal acetylation (Ac) and protected C-terminal amidation (amide).

Table 3-1. Penetratin and its aromatic analogues synthesized and purified for the study.

Protected

Unprotected

Peptide

Sequence

RT (min)

Theoretical

MW (Da)

(RP-HPLC)

MW (Da)

(ESI-MS)

Pen1

RQIKIWFQNRRMKWKK

19.8

2246.7

2248

Pen4

RQIKIWFQNRRMKYKK

16.8

2223.7

2224

Pen5

RQIKIWFQNRRMKFKK

16.0

2207.7

2208

Pen6

RQIKIFFQNRRMKYKK

15.3

2184.7

2184

Pen2

Ac-RQIKIWFQNRRMKWKK-amide

17.5

2287.8

2288

Pen9

Ac-RQIKIWFQNRRMKYKK-amide

19.2

2264.8

2264

Pen10

Ac-RQIKIWFQNRRMKFKK-amide

18.5

2248.8

2248

Pen11

Ac-RQIKIFFQNRRMKYKK-amide

16.2

2225.7

2228
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3.2 Interaction of Pen1 and Pen2 with model lipid bilayers

3.2.1 Conformational analyses of Pen1 and Pen2 in buffer, PE/PG and PC/PG lipid vesicles

The secondary structures of Pen1 and Pen2 were determined in buffer and 50% TFE/buffer
[The structure of trifluoroethanol (TFE) can be found in Appendix 4.] using CD spectroscopy
(Figure 3-6). Pen1 and Pen2, measured at 20 µM and 100 µM, both showed largely unordered
structures in buffer, which is consistent with prior studies.92,93,94 However, structures of both
peptides in 50% TFE/buffer shifted from unordered to α-helical. These observations are consistent
with previous studies53 where the secondary structure of wild-type penetratin (or unprotected
Pen1) was random in phosphate buffer (10 mM, pH 7.4) and α-helical in 50% TFE/phosphate
buffer.53 In this research project, in addition to studying the secondary structure of unprotected
penetratin (Pen1), the secondary structure of a protected analog of penetratin (Pen2) in different
environments was also determined. Neither peptide showed a notable concentration-dependent
conformational change in the range of 20 µM to 100 µM; they remained similarly α-helical in this
concentration range (Figure 3-6). Compared to Pen1, Pen2 showed a more helical structure in 50%
TFE/buffer with a higher positive ellipticity at the maximum and more negative ellipticities at both
minima of their CD profiles (Figure 3-6, compare orange line for Pen1 and green line for Pen2).
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Figure 3-6. CD spectra of Pen1 and Pen2 in buffer and 50% TFE/buffer.
Samples of Pen1 and Pen2 were prepared at two different concentrations (20 µM or 100 µM) either in
buffer (the gray, light blue, medium blue, and dark blue lines) or in 50% TFE/buffer [CD spectra of Pen1
(the yellow and orange dashed-lines) and Pen2 (the green and red dashed-line)]. The peptides were analyzed
using far-UV CD spectroscopy at room temperature.
The inset is explanation of the CD spectra of the three basic secondary structures (Figure 2-2).
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In the presence of PE/PG and PC/PG lipid vesicle systems, Pen1 and Pen2 also adopted αhelical secondary structures (Figure 3-7). Again, Pen2 was more helical than Pen1 in both of these
lipid milieus. The structure of Pen2 in PC/PG had the highest helicity in comparison to all other
environments.

Figure 3-7. CD spectra of Pen1 and Pen2 in buffer and PE/PG, PC/PG lipid vesicles.
Samples of Pen1 and Pen2 were prepared at 10 µM either in buffer (the light green and dark green lines) or
in the presence of 1mM PE/PG lipid vesicles (the yellow and orange lines) and 1mM PC/PG lipid vesicles
(the blue and black lines). The peptides were analyzed using far-UV CD spectroscopy at room temperature.
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As shown in Figure 3-6 the structures of Pen1 and Pen2 in 50% TFE/buffer did not change
in a range of peptide concentrations from 20 µM to 100 µM. In these spectra, the ellipticity ratio
of 208 nm/220 nm (Ѳ208/Ѳ220) was higher than 1. Similarly, at the concentration of 10 µM, the CD
spectra of Pen1 and Pen2 in PE/PG and PC/PG lipid vesicles showed an Ѳ 208/Ѳ220 ellipticity ratio
of more than 1 (Figure 3-8A). Ѳ208/Ѳ220 ellipticity ratios greater than 1 indicate that the peptides
could be in a monomeric form when in a hydrophobic environment, including when interacting
with lipid membranes.53

Figure 3-8. Comparative CD spectra of Pen1 and Pen2 at different concentrations in the
presence of PE/PG and PC/PG lipid vesicles.
Samples of Pen1 and Pen2 were prepared at two different concentrations [10 µM (Panel A) and 20 µM
(Panel B)] either in the presence of 1mM PE/PG lipid vesicles (the orange and red lines) and 1mM PC/PG
lipid vesicles (the light-blue and black lines). The peptides were analyzed using far-UV CD spectroscopy
at room temperature.
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As shown in the case of Pen2 interaction with PE/PG and PC/PG lipid vesicles, unlike
when in 50% TFE/buffer, the helicity of the peptide decreased at 20 µM as compared to 10 µM
(Figure 3-8). The positive maximum ellipticity was decreased, and the negative minima decreased,
and the Ѳ208/Ѳ220 ellipticity ratio for Pen2 at 20 µM was less than 1. This observation suggests that
Pen2’s secondary structure becomes less helical when its concentration is increased from 10 µM
(P/L: 1/100) to 20 µM (P/L: 1/50). This change in ellipticity ratio provides evidence that between
these concentrations, the peptide starts to self-associate89, changing from monomeric to oligomeric
forms. On the other hand, Pen1 does not show this trend as its CD profiles are comparable at 10
µM and 20 µM (Figure 3-8).

Analytical RP-HPLC chromatograms revealed that Pen2 has different associated forms
under different conditions, whereas unprotected Pen1 only showed one major molecular form,
likely a Pen1 monomer. In Figure 3-9A, B, C and D, the protected penetratin Pen2 show that when
bath sonicated, Pen2 can form different molecular species. Figure 3-9A shows the crude Pen2 is
almost pure with a major peak corresponding to the peptide and a small peak of contaminant or a
minor oligomeric form eluting later. After using the bath-sonicator to dissolve Pen2 in water, three
different forms of Pen2 appear on the RP-HPLC chromatogram (Figure 3-9B). The peak with the
lowest retention time (peak 1) likely corresponds to the monomeric form and the middle peak
(peak 2), as well as the peak with highest retention time (peak 3), may correspond to Pen2
oligomers. At 50 times dilution (Figure 3-9C), peak 1 increases in relative intensity, and peaks 2
and 3 diminish in the HPLC profile. Finally, when lyophilized, the analytical HPLC profile of
Pen2 shows only one product (peak 1, the monomeric form) in Figure 3-9D. A similar behaviour
was not observed for the unprotected Pen1 during its purification (Figure 3-9E, F, G and H),
suggesting that Pen1 does not go through the same apparent aggregation and disaggregation
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process as Pen2. The same patterns were observed for all the synthesized protected aromatic
analogues of Pen2; whereas all the synthesized unprotected analogues of Pen1 only showed one
major molecular form.

Figure 3-9. Analytical RP-HPLC chromatograms monitored at 220 nm of Pen1 and Pen2.
Different concentrations of Pen1 and Pen2 separately dissolved in 100 µL Milli-Q water; and, 10 µL sample
was injected into the stationary phase column at a time. The flow rate was 0.75 mL/min. The mobile phase
elution conditions were from 100% (water + 0.05% TFA) to 100% (AcCN + 0.05% TFA) in 35 minutes.
Peaks 1, 2 and 3 present different associated forms of Pen2 in different environmental conditions.
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The concentration-dependent CD analysis of Pen2 provided evidence of aggregation of this
peptide in lipid bilayers (Figure 3-10), whereas the concentration-dependent CD analysis of Pen1
only provided evidence of monomeric species (i.e. no aggregates) (Figure 3-10, inset).
Aggregation of Pen2 is consistent with the analytical RP-HPLC profiles of peptides discussed
above (Figure 3-9).
In general, the results of the concentration-dependent CD analysis suggest that Pen1 does
not aggregate in lipidic environments, whereas Pen2 self-associates to an oligomeric form. In
Figure 3-10, the concentration dependence of Pen2 is shown in PE/PG membranes. The
concentration of Pen2 was increased in 5 µM increments, starting at 5 µM (P/L: 1/200) and ending
at 35 µM (P/L: ~1/30). The CD profiles for the 5 and 10 µM concentrations are very similar, but
a change in the CD spectra can be seen from 20 µM to 35 µM. At 5 µM and 10 µM, there is a high
intensity of the maximum around the Ѳ193 value of 50,000 deg.cm2.dmol-1, and their first minimum
at ~208 nm is more negative than the second minimum at ~220nm (Ѳ208/Ѳ220 > 1).49,89
As the concentration increases in Figure 3-10, the maximum decreases; and starting at 20
µM, the minimum at ~208 nm is less negative than the second minimum at ~220 nm.49,89 Increasing
the concentration of Pen2 up to 35 µM shows an almost flat line connecting the spectral minima.
In these collective concentration dependent spectra, an intersecting isodichroic point 95 can be
observed at ~204 nm, which implies the existence of two molecular species at equilibrium with
each other, a monomer and an oligomer.95 The CD profile at 15 µM is distinct compared to the
other concentrations. Its CD profile is deflected from the isodichroic point.95
From the analysis of the spectra in Figure 3-10, it is apparent that oligomerization of Pen2
occurs between 10 and 20 µM concentrations. On the other hand, under the same experimental
conditions, the unprotected penetratin Pen1 in PE/PG lipid vesicles shows comparable CD profiles
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at different concentrations; this observation implies that no clear self-association of Pen1 may
occur at the concentration tested.

Figure 3-10. Concentration-dependent CD spectra of Pen1 (inset) and Pen2 in the presence
of PE/PG lipid vesicles.
Samples of Pen2 were prepared in 5 µM increments from 5 µM (the blue line) to 35 µM (the black line) in
the presence of 1 mM PE/PG lipid vesicles. The CD profile at 15 µM was deflected from the other
concentrations which intersected at the isodichroic point. The inset is a comparative study with Pen1 in the
presence of 1 mM PE/PG lipid vesicles. The peptides were analyzed using far-UV CD spectroscopy at room
temperature.

56

MSc Thesis

Chapter 3

An Le, 2020

Similar to results obtained in the study of Pen1 and Pen2 in the PE/PG lipid system, the
CD analysis of the concentration dependence study of Pen2 in PC/PG is shown in Figure 3-11.

Figure 3-11. Concentration dependence study of Pen2 in the presence of PC/PG lipid vesicles.
Samples of Pen2 were prepared in 5 µM increments from 10 µM (the orange line) to 35 µM (the black line)
in the presence of 1 mM PC/PG lipid vesicles. The CD profile at 15 µM was deflected from the other
concentrations which intersected at the isodichroic point. The peptides were analyzed using far-UV CD
spectroscopy at room temperature.

Aggregation of Pen2 happened when the concentration of the peptide was increased from
10 μM (P/L: 1/100) to 20 μM (P/L: 1/50). The conversions (or changes) of the CD spectra are
shown in Figures 3-10 and 3-11 by two CD profiles (orange line for 10 μM and yellow line for 20
μM). At 10 μM, the monomeric form of the peptide shows the ellipticity ratio of Ѳ208/Ѳ220 > 1;
whereas, at 20 μM the peptide Pen2 tends to show an oligomeric form with the ellipticity ratio of
Ѳ208/Ѳ220 < 1. The isodichroic point suggests the co-existence of monomeric and oligomeric forms
of Pen2 within the concentration range from 10 to 20 μM. It seems that 15 μM is close to the
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transition concentration at which the transition of Pen2 from monomeric form to oligomeric form
occurs.94
Since Pen2 forms unordered structure in buffer and α-helical structures in lipid bilayers, it
seems that further interactions between monomeric Pen2 helices occur in lipid milieus leading to
peptide self-association (even though the peptide is positively charged).89 This phenomenon was
not observed in the unprotected Pen1.
To study the conformational changes of Pen1 and Pen2, fluorescence spectroscopy
measurements were performed. In Figure 3-12, the fluorescence spectra of Pen1 and Pen2 are
shown in the three different environments: buffer, and PC/PG and PE/PG lipid membranes. The
spectra of the protected peptide Pen2 are slightly blue-shifted compared to the unprotected peptide
Pen1. Moreover, going from buffer to PC/PG or PE/PG lipid membranes, the maximum band
wavelength blue-shifts to shorter wavelengths. The blue-shift in the fluorescence spectra of Trp
residues shows that peptides interact with more hydrophobic or less polar environments. 49,59,81,89
This can be observed in the changes in the peptide’s spectra from buffer solution to PC/PG to
PE/PG lipid membranes in Figure 3-12. Pen2 interacts with the more hydrophobic/less polar
regions of the lipid bilayer compared to Pen1.
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Figure 3-12. Fluorescence of Pen1 and Pen2 in buffer and lipid vesicles excited at 280 nm.
The fluorescence spectra of 10 µM Pen1 and Pen2 were measured in three different environments: buffer
(the light blue and dark blue lines), 1 mM PC/PG lipid vesicles (the orange and brown lines) and 1 mM
PE/PG lipid vesicles (the red and purple lines). The spectra of the protected peptide Pen2 all had a slight
blue-shift compared to Pen1’s.
The inset table illustrated the fluorescence spectra of Pen1 and Pen2 in the three environments; the
fluorescence spectra were shown by their wavelength at the maxima and the intensity of the maxima.
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3.2.2 Interactions of Pen1 and Pen2 with PC lipid vesicles

The fluorescence spectra of Pen1 and Pen2 in PC lipid vesicles are shown in Figure 3-13A.
These spectra of the peptides are very similar with maxima at around 347 nm, and very similar to
the spectra of the peptides in buffer. This suggests that when Pen1 and Pen2 were in the presence
of PC lipid vesicles, the peptides interacted very weakly with the PC bilayers, instead, the peptides
were surrounded by an environment which has its polarity similar to that of the buffer only (in
fact, PC lipid bilayers, and the other lipid systems, were incubated in buffer solution). Similarly,
Figure 3-13B shows the CD profiles of Pen1 and Pen2 in buffer and PC lipid vesicles, which
provides evidence that the secondary structure of Pen1 and Pen2 are unordered in all cases. 92,93,94
Figure 3-13C illustrates the heat of binding from the interaction between Pen1 and Pen2 with PC
lipid vesicles. There is almost no heat generated or absorbed in this ITC study, which also shows
that there is no enthalpy of interaction between the two peptides with PC lipid vesicles.
In the computational study of the association of penetratin with DOPC lipid membranes, 51
it showed that penetratin could interact and penetrate across the DOPC lipid membrane. However,
in this research project, the peptides Pen1 and Pen2 show no interaction with POPC (or PC in
short) lipid vesicles. Structurally, DOPC phospholipid has both hydrophobic tails with two double
bonds (one in each tail). Whereas, POPC phospholipid contains only one double bond in one
hydrophobic tail (the other tail only contains single bonds). This structural difference between
DOPC and POPC could result in the difference of their interactions with penetratin.
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Figure 3-13. Fluorescence, CD, and ITC studies of Pen1 and Pen2 in PC lipid vesicles.
A, CD profiles of Pen1 and Pen2 with changing concentrations from 20 µM to 100 µM in buffer solution
and 1 mM PC lipid vesicles.
B, Fluorescence spectra of 10 µM Pen1 and 10 µM Pen2 in buffer (the light blue and purple lines) and in 1
mM PC lipid vesicles (the red and orange lines). Their wavelength at the maxima are around 350 nm.
C, ITC heat of binding from the interaction between 20 µM Pen1 and 20 µM Pen2 with 10 mM PC lipid
vesicles. The heat of binding was undetectable in this ITC study.

61

MSc Thesis

Chapter 3

An Le, 2020

3.2.3 Thermodynamics of interactions between Pen1 and Pen2 with PC/PG and PE/PG lipid
vesicles.

The ITC experiments described in this section were focused on studying the interactions
between Pen1 and Pen2 with PC/PG and PE/PG lipid vesicles.
No heat (enthalpy) of binding was observed in the interaction between Pen1 and PC/PG
lipid vesicles; however, there was an exothermic interaction between Pen2 and PC/PG lipid
vesicles. Figure 3-14A shows that no enthalpy was detected using ITC when Pen1 was added to
the PC/PG lipid system (the total heat of binding was nearly zero); on the other hand, when Pen2
was added to the PC/PG lipid system a negative heat profile was generated, showing that Pen2 is
exothermically interacting with the PC/PG lipid system (Figure 3-14B). Figure 3-14C shows the
heat of binding profile collected when 20 µM Pen2 (double the concentration used in Figure 314B) was added to PC/PG lipid vesicles. The heat profile confirms an exothermic interaction.
These results led to a series of ITC measurements between Pen2 and its aromatic analogues with
PC/PG lipid vesicles (see below).

62

MSc Thesis

Chapter 3

An Le, 2020

Figure 3-14. Heat profiles of Pen1 and Pen2 in the presence of PC/PG lipid vesicles.
A, ITC measurement of 10 µM Pen1 in 10 mM PC/PG lipid vesicles.
B, ITC measurement of 10 µM Pen2 in 10 mM PC/PG lipid vesicles.
C, ITC measurement of 20 µM Pen2 in 10 mM PC/PG lipid vesicles.

Table 3-2. Thermodynamic parameters of Pen2 binding to PC/PG lipid vesicles.
Peptides
10 μM Pen1
10 μM Pen2
20 μM Pen2

Ka (M-1)
4.20E3 ± 5.11E3
1.12E4 ± 1.39E3

∆𝐺𝑎 (cal.mol-1)
∆𝐻𝑎 (cal.mol-1)
Not detectable
-5029
-29.49
-5605
-90.61

∆𝑆𝑎 (cal.mol-1.K-1)
16.5
18.2

The ITC measurements of Pen2 in the presence of PC lipid vesicles showed no heat of
binding (Figure 3-13C); however, when Pen2 interacts with PC/PG (7PC:3PG) with 30% PG
added to the lipid vesicles, there is an exothermic binding with negative heat formation. To
understand the effect of PG lipid on the binding of peptides, interaction of Pen1 and Pen2 with
only PG lipid vesicles (Figure 3-15) were studied by ITC.
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Figure 3-15. Heat profiles of Pen1 and Pen2 in the presence of PG lipid vesicles.
A, ITC measurement of 10 µM Pen1 in 10 mM PG lipid vesicles.
B, ITC measurement of 20 µM Pen1 in 10 mM PG lipid vesicles.
C, ITC measurement of 20 µM Pen2 in 10 mM PG lipid vesicles.
D, ITC measurement of 10 µM Pen2 in 10 mM PG lipid vesicles.

PG lipid is known as a strong contributor to the formation of lipid vesicles because of the
geometry of its head group.96 PG lipid also introduces a negative charge to the membrane surface.
To study the impact of PG lipid on the heat of binding between the peptides and lipid vesicles, ITC
measurements of Pen1 and Pen2 with PG vesicles were performed. Unlike the lack of interaction
between Pen1 and PC/PG lipid vesicles, Pen1 had a strong exothermic interaction with PG vesicles
in Figure 3-15A and B. Proportionally, when the concentration of Pen1 is doubly increased, the
exothermic heat of binding also doubled. Moreover, after the strong exothermic binding process,
Pen1 showed a minor endothermic heat of binding. On the other hand, Pen2 only shows a strong
exothermic heat of binding when it interacts with PG vesicles. Figure 3-15C and D show how
Pen2 interacts with PG vesicles. Similar to Pen1, the exothermic heat of binding also doubled
when the concentration of Pen2 was doubled from 10 µM to 20 µM. The difference between Pen2
and Pen1 in interacting with PG vesicles was that after the strong exothermic binding process,
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instead of endothermic binding in the case of Pen1, Pen2 continued to show a minor exothermic
heat of binding succeeding its first strong exothermic binding process.
Due to their smaller head group surface area in comparison to hydrocarbon chains, PE
tends to create hexagonal II (HII) lipid phases instead of bilayers.96 Adding PG to PE lipid (30%
PG in PE/PE lipid vesicle) promotes the formation of PE/PG bilayers. As a result, PE/PG lipid
vesicles are less stable than PC lipid vesicles and PC/PG lipid vesicles.
In the interaction with PE/PG lipid vesicles, both Pen1 and Pen2 showed an opposite result
to the previous study with PC/PG (now it is endothermic). When the concentration of the two
peptides increased, the total endothermic heat of binding for both peptides were proportionally
increased too. Furthermore, when Pen2 interacts with PE/PG lipid vesicles, it showed a two-stage
interaction process (Figure 3-16C and D). After the first endothermic binding process, a secondary
exothermic process followed. Similar to the first stage endothermic process, when the
concentration of Pen2 increased, the total exothermic heat of binding in the secondary stage also
increased.
Specifically, Figure 3-16A and B exhibits the interaction of Pen1 with PE/PG lipid
membranes. The binding process of Pen1 interacting with PE/PG was entirely endothermic. When
the concentration of Pen1 was increased from 10 µM to 20 µM, the total heat of its endothermic
binding process was also almost doubly increased. Figure 3-16C and D showed the interaction of
Pen2 with PE/PG lipid membranes. There was a two-stage of interaction showed in this case. And
when the concentration of Pen2 was increased from 10 µM to 20 µM, the total heat of binding in
the two-stage of interaction was also increased proportionally.
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As qualitative interpretations, there are possible reasons of a two-stage interaction. First,
because PE/PG lipid vesicles are less stable than the other lipid systems,96 the addition of new lipid
vesicles could cause mild lipid phase transitions within the PE/PG lipid vesicles that were already
interacted with penetratin molecules. This anticipated reason of the lipid phase transition could
cause Pen2 peptides aggregation10 since Pen2 peptides were already inserted deeper to more
hydrophobic region (compared to penetratin and the other analogues, Figures 3-12 and 3-18) of
the PE/PG lipid vesicle membranes. [Peptide aggregation has been shown to result in the change
of stage in the ITC heat profile (from the study of Seelig’s group90 in 2002)]. Second, Pen2 at
lower concentrations in the reacting peptide solution (the penetratin peptides that remain in the
reacting solution) could insert deeper in the membrane of the newly added population of empty
vesicles in their monomeric forms, interacting with the negatively charged phosphate group, and
causing an exothermic process. This exothermic interaction initially increases with the decrease in
the concentration of Pen2, and later diminishes when all the peptide is bound. Third, the direct
membrane internalization could cause a change in the heat profile. In the interaction with MDCK
cells, at 4℃, penetratin (at low concentration between 1 µM to 10 µM)2 can enter the cell through
direct membrane interactions.2,53 However, the ITC measurements in this research project were
conducted at 30℃; therefore, this hypothesis of direct membrane internalization at low
concentration requires further study.
In the interaction of Pen2 (and the other protected aromatic analogues) with PE/PG lipid
vesicles, the thermodynamic parameters could not be determined. So far, an appropriate model of
binding that could quantitatively interpret this complex binding behaviour has not been attained.
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Figure 3-16. Heat profiles of Pen1 and Pen2 in the presence of PE/PG lipid vesicles.
A, ITC measurement of 20 µM Pen1 in 10 mM PE/PG lipid vesicles.
B, ITC measurement of 10 µM Pen1 in 10 mM PE/PG lipid vesicles.
C, ITC measurement of 10 µM Pen2 in 10 mM PE/PG lipid vesicles.
D, ITC measurement of 20 µM Pen2 in 10 mM PE/PG lipid vesicles.

Table 3-3. Thermodynamic parameters of Pen1 binding to PE/PG lipid vesicles.
Peptides
10 μM Pen1
20 μM Pen1

Ka (M-1)
1.00E4 ± 0
3.86E5 ± 4.02E5

∆𝐺𝑎 (cal.mol-1)
-5532
-7739
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∆𝐻𝑎 (cal.mol-1)
43.34
351.1

∆𝑆𝑎 (cal.mol-1.K-1)
18.4
26.7
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3.3 Influence of aromatic residues on the interaction of penetratin with model lipid bilayers

3.3.1 FRET measurements of penetratin and its aromatic analogues

The distance between Trp-6 and Trp-14 in penetratin can be used to assess the
conformational change(s) that occur in the peptide during interactions with membranes.59
Resonance energy transfer between fluorophores (such as Trp) has been used to estimate
the distance between a donor fluorophore to an acceptor fluorophore.59,82,85 In penetratin, the two
Trp residues at positions 6 and 14 were used for this purpose. Since Trp acts as a resonance energy
acceptor against Tyr as an energy donor, 59,82,85 one of the two Trp residues (Trp-14) was replaced
with Tyr. Therefore, Tyr-14 version of both Pen1 and Pen2 (Y14Pen1 or Pen4 and Y14Pen2 or
Pen9, respectively) were synthesized as the main peptides for this study (Table 3-1). In addition,
to complete the FRET measurements, four other peptides (two analogues for Pen4 and two for
Pen9) were also synthesized. These analogues were the acceptor or donor only versions of Pen4
and Pen9 (Pen5/Pen6 and Pen10/Pen11, respectively) (Table 3-1). Tables 3-4 and 3-5 show the
parameters used for determining the distance between the two Trp fluorophores (Trp-6 and Trp14) in penetratin peptide.
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Table 3-4. Calculation of the overlap integral 𝑱(𝝀) in Buffer. 59,81,82,85
Wavelength – λ
(nm)
282.5
283
283.5
284
284.5
285
285.5
…
308
308.5
309
309.5
310
310.5
311
311.5
312
312.5

Pen5 (FW)
Absorbance 𝜀𝐴 (𝜆)
5471.3547
5392.3346
5304.9764
5237.4622
5136.5664
5070.4772
5007.6232
…
185.23651
158.53317
143.83449
134.68368
117.6867
106.91929
96.197799
85.277486
76.982349
0

Pen6 (YF) emission
280nm- Normalized
𝐹𝐷 (𝜆)
0
0.021552
0.051462
0.081372
0.095
0.111282
0.141191
…
0.947698
0.932558
0.954981
0.870079
0.819263
0.920278
0.869444
0.865842
0.814672
0.78652
Sum of 𝐹𝐷 (𝜆)
72.93356

Integral
𝐹𝐷 (𝜆)𝜀𝐴 (𝜆)𝜆4
0
7.45449E+11
1.76353E+12
2.77248E+12
3.19687E+12
3.72264E+12
4.69747E+12
…
1.57979E+12
1.33911E+12
1.25225E+12
1.07527E+12
8.90426E+11
9.14579E+11
7.82435E+11
6.95193E+11
5.94281E+11
0
Sum of 𝐹𝐷 (𝜆)𝜀𝐴 (𝜆)𝜆4
3.95634E+14

From the absorbance of the acceptor (Pen5) and the emission of the donor (Pen6), the
overlapped energy transfer integral 𝐽(𝜆) can be calculated as follows:
∞

𝐽 (𝜆 ) =

∫0 𝐹𝐷 (𝜆)𝜀𝐴 (𝜆)𝜆4 𝑑𝜆
∞
∫0 𝐹𝐷 (𝜆)𝑑𝜆

=

3.95634×1014
72.93356

= 5.42458 × 1012 𝑀−1 𝑐𝑚−1 𝑛𝑚4
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Wavelength (nm)
Pen6 (YF) excited at 280nm

Pen4 (YW) excited at 280nm

Pen5 (FW) excited at 280nm

Pen4 (YW) 280 - Pen5 (FW) 280

Pen4 (YW) excited at 295nm

Pen4 (YW) 295nm*3.43

Pen4 (YW) 280 - Pen4 (YW) 295 * 3.43

Figure 3-17. Efficiency of energy transfer in Pen4 (YW) in buffer.
Pen6 (YF) excited at 280 nm was a donor-only peptide. Pen5 (FW) excited at 280 nm was an acceptor-only
peptide. Pen4 (YW) excited at 280 nm was the donor-acceptor peptide.
The energy transfer efficiency was calculated with the ratio of the fluorescence intensity of the donoracceptor peptide (Pen4) and donor-only peptide (Pen6). The problem with Pen4 (YW) was that both Trp
and Tyr residues emitted signals when they were excited at 280 nm. However, when the peptide was excited
at 295 nm, only Trp emitted fluorescence signal.81 With a similarity when excited at 280 nm, the
fluorescence emission of Pen4 excited at 295 nm could be normalized at 400 nm by a factor of 3.43 (Pen4
(YW) 295nm*3.43). The difference between these spectra (Pen4 (YW) 280 – Pen4 (YW) 295*3.43) was
the energy transferred from Tyr to Trp residues excited at 280 nm. The fluorescence profile of Pen4 (YW)
280 – Pen5 (FW) 280 was a reference spectrum.

The emissions of 304 nm for spectra of (Pen4 (YW) 280 – Pen4 (YW) 295 * 3.43) (FDA)
and (Pen6 (YF) excited at 280nm) (FD) are 237.6405 and 316.6586 respectively.
Then, 𝐸 = 1 −

𝐹𝐷𝐴
𝐹𝐷

=1−

237.6405
316.6586

= 1 − 0.7505 = 0.2495
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Quantum yield:
𝑄𝐷 =

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑃𝑒𝑛6 (𝑌𝐹)
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑇𝑦𝑟 𝑎𝑡 280𝑛𝑚
×
× 𝑄𝑆
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑇𝑦𝑟
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑃𝑒𝑛6 (𝑌𝐹 ) 𝑎𝑡 280𝑛𝑚
23296.76 0.015046
=
×
× 0.14 = 0.06837
51083.18 0.01405

Therefore,
1

2 −4

𝑅0 = 0.211[𝐾 𝑛

1
𝑄𝐷 𝐽(𝜆)]6

6
2
= 0.211 [( ) (1.35)−4 (0.068374)(5.42458𝑥1012 )] = 13.68 Å
3
1

1−𝐸 1
1 − 0.2495 6
𝑟 = 𝑅0 (
)6 = 13.6853 ∗ (
) = 16.44 Å
𝐸
0.2495

Table 3-5. Calculated distance of Trp fluorophores in penetratin in different environments.
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A summary of the FRET analyses is provided in Table 3-5. From this table, it is apparent
that the distance between residues 6 and 14 in protected Pen2 is always shorter than the distance
between these residues in the unprotected Pen1. The distance between these residues decreases
when the peptide Pen1 is transferred from aqueous to lipid environments: 16.44 Å, 15.43 Å, and
14.85 Å in buffer, PE/PG vesicles and PC/PG vesicles, respectively. In other words, the length of
Pen1’s structure gets shorter upon interaction with membranes, which confirms the CD results.
From CD results (discussed above), we already know that the peptide’s structure is converted from
random coil to more compact α-helical conformations when it interacts with negatively charged
lipid membranes.92,93,94 Interestingly, despite its minimal interaction (ITC, CD and fluorescence
results, above) with PC lipid vesicles and unordered conformation, it seems that protected Pen2,
adopts its most compact conformation (shortest FRET distance only comparable to the distance in
80% TFE/buffer in which Pen2 forms an α-helical conformation) in this milieu. This may indicate
an unidentified non-helical (possibly unordered) loop formation in Pen2 that brings residues 6 and
14 close to each other.
Moreover, in other organic environments tested such as TFE, ethanol, and methanol, the
distance between the two Trp fluorophores also vary from one another and from the lipid vesicle
environments. Specifically, the distance was increased significantly when Pen1 was in less polar
environments (17.16 Å in 80% methanol and 19.05 Å in 80% ethanol). Furthermore, the distance
decreased when Pen1 was in 80% TFE (tri-fluoro-ethanol) compared to in 80% ethanol (15.09 Å
in 80% TFE and 19.05 Å in 80% Ethanol). Comparing to the environment of 80% TFE, the
distance was increased when the peptide Pen1 was in 50% TFE. The relative polarity values of
ethanol, methanol, and TFE solvents are 0.654, 0.762, and 0.898, respectively (compared to 1
which is the relative polarity of water).97 As previously mentioned, in all experimental
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environments, the distance between the two Trp residues in Pen2 was always smaller than Pen1’s.
Thus, in the organic environments, the FRET analyses show that the peptide’s structure was more
relaxed (the distance was increased) in less polar environment.
The fluorescence spectra of penetratin and its aromatic analogues reveals that penetratin
(with two Trp fluorophores) emits the most intense fluorescence when it interacts with PE/PG lipid
vesicles. In this case, the fluorescence spectrum of penetratin in PE/PG vesicles had the lowest
wavelength at the maximum and was the most blue-shifted spectrum (Figure 3-18A and B). Two
groups of peptides are shown in Figure 3-18A: unprotected (Pen1, Pen4, Pen5) and protected
(Pen2, Pen9, Pen10). In comparison to the fluorescence spectra in PC lipid vesicles, all other
spectra in the two other lipid systems showed blue shifts to lower wavelengths. Pen1 and Pen2
showed the lowest wavelength maxima among these peptides. This result emphasizes the
importance of Trp residues in the membrane interaction of penetratin, and shows that in
comparison with other peptides shown in Figure 3-18A, this peptide (with two Trp residues) is
embedded in the most hydrophobic (or least polar) environment.49,53 This could mean that at least
one of the two Trp residues is inserted deeper into the hydrophobic region of the PE/PG lipid
bilayer (Figure 3-18B).
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Figure 3-18A. Fluorescence spectra of 10 µM penetratin and its aromatic analogues in PC,
PE/PG, PC/PG lipid vesicles (excited at 280 nm).
The fluorescence spectra of pentratin and its aromatic analogues were measured in three lipid membrane
environments: 1 mM PC lipid vesicles, 1 mM PC/PG lipid vesicles and 1 mM PE/PG lipid vesicles. There
are 2 groups of the peptides: unprotected (Pen1, Pen4, Pen5) and protected (Pen2, Pen9, Pen10). The spectra
of the protected peptides all had a slight blue-shift compared to the unprotected one’s.

Figure 3-18B. Normalized fluorescence spectra of 10 µM penetratin and its aromatic
analogues in PE/PG lipid vesicles (excited at 280 nm).
Data were taken from Figure 3-18A and normalized to obtain the same maximum value and illustrate
differences in their interactions with 1 mM PE/PG lipid vesicles.
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The three lipid systems used to generate lipid bilayers for the current study were PC, PC/PG
(7:3), and PE/PG (7:3), which serve as models of mammalian cells, general negatively charged
cell membranes, and bacterial cell membranes, respectively. 49,89 Addition of PG lipid to PC and
PE lipids adds net negative charge to the surface of the lipid bilayers. 7,96 On the other hand, PC
and PE lipids are both zwitterionic phospholipids and their only difference is in their amine
headgroups: PC has a tertiary amine group whereas PE has a primary amine group. 7,96 As a result,
PC lipid vesicles have lower positive charge density in their headgroups than PE lipid. 7,96 This
difference in surface charge distribution in the two lipids (PC headgroup surface is larger than PE)
may influence the interaction of peptides with lipid membrane surfaces.
In spectroscopic and ITC experiments, it was shown that penetratin peptides did not
strongly interact with PC vesicles. In CD measurements of Pen1 and Pen2 in PC vesicles, these
peptides adopted unordered conformation, very similar to their conformation in aqueous buffer
environments. This was further confirmed by their comparable fluorescence spectra in PC vesicles
and buffer solution.
As mentioned previously, when penetratin interacts with either PC/PG or PE/PG
membranes, the secondary structure of penetratin is transformed into α-helical conformations and
it interacts further with the lipid membrane bilayer surface. Penetratin tends to interact closer to
the head group of PC/PG membranes. On the other hand, in PE/PG vesicles, penetratin tends to
move deeper into the more hydrophobic bilayer interior.
Figure 3-19 summarizes the possible modes of penetratin and its protected analog in their
interactions with different model lipid bilayer systems. Pen1 and Pen2 interact weakly with the PC
bilayers because there are no signs of interaction from spectroscopic and calorimetric studies; and
the peptides stay on the outside of the PC lipid membrane in a disordered conformation. When
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interacting with PC/PG and PE/PG lipid vesicles, the conformations of the peptides are α-helical.
Pen1 and Pen2 interact and penetrate more deeply into the more hydrophobic environment of
PE/PG lipid vesicles compared to PC/PG lipid vesicles. With a deeper insertion into the more
hydrophobic environment of Pen2 compared to Pen1, the protected analog of penetratin (Pen2)
can undergo self-association in the interaction with PE/PG lipid vesicles. Thus, the difference in
the surface charge density in the three lipid bilayers may cause a difference in the interaction of
penetratin and its protected analog with the model lipid bilayers. The difference in these
electrostatic properties at the surface of the three lipid bilayer systems are also shown in ITC
calorimetric studies.

Figure 3-19. Penetratin interacts with model lipid bilayers.
Diagrammatic representation of Pen1 (the orange structure) and Pen2 (the blue structure) interacting with
the first leaflet of model lipid bilayers (PC, PC/PG and PE/PG lipid bilayers).
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3.3.2 Thermodynamics of interactions between penetratin and its aromatic analogues with
PC/PG and PE/PG lipid vesicles

The ITC measurement of unprotected Pen1 in the presence of PC/PG lipid vesicles suggests
that there is no interaction between them, whereas protected Pen2 exothermically interacts with
PC/PG lipid vesicles. To further study the interaction of penetratin with the PC/PG lipid system,
the protected aromatic analogues of penetratin were studied using ITC. Figure 3-20A shows the
exothermic heat of binding process between Pen2 and PC/PG lipid vesicles. When the Trp residue
at position 14 in penetratin is replaced with Tyr (Pen9 – YW) or Phe (Pen10 – FW), the exothermic
binding process shows a weaker exothermic interaction (Figure 3-20B and C). When both Trp
residues are replaced with Tyr and Phe (Pen11 – YF), no (or very weak) heat was generated from
the interaction (Figure 3-20D). Therefore, it can be concluded that Trp residues in the interaction
between penetratin with PC/PG lipid vesicles can enhance the favourable enthalpy of interaction.
In the PC/PG lipid system, replacing one or both Trp residues with other aromatic residues results
in a decrease in the favourable enthalpy of binding.
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Figure 3-20. Heat profiles of the binding of Pen2 and its protected aromatic analogues with
PC/PG lipid vesicles.
A, ITC measurement of 10 µM Pen2 in 10 mM PC/PG lipid vesicles.
B, ITC measurement of 10 µM Pen9 in 10 mM PC/PG lipid vesicles.
C, ITC measurement of 10 µM Pen10 in 10 mM PC/PG lipid vesicles.
D, ITC measurement of 10 µM Pen11 in 10 mM PC/PG lipid vesicles.

Table 3-6. Thermodynamic parameters of binding of Pen2 and its protected aromatic
analogues with PC/PG lipid vesicles.
Peptides
10 μM Pen2
(WW)
10 μM Pen9
(YW)
10 μM Pen10
(FW)
10 μM Pen11
(YF)

Ka (M-1)
4.20E3 ± 5.11E3

∆𝐺𝑎 (cal.mol-1)
-5029

∆𝐻𝑎 (cal.mol-1)
-29.49

∆𝑆𝑎 (cal.mol-1.K-1)
16.5

1.62E3 ± 2.05E3

-4443

-18.96

14.6

142 ± 1.33E3

-2250

-1.29E6

-4.25E3

Not detectable
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In the interaction with PE/PG lipid vesicles, Pen1 shows an endothermic binding process.
To assess the role of Trp residues in the interaction of penetratin with PE/PG lipid vesicles, the
unprotected aromatic analogues of Pen1 (Pen4, Pen5, Pen6) were studied. Figure 3-21A shows an
endothermic binding between Pen1 and PE/PG vesicles. When the Trp residue at position 14 in
penetratin was replaced with Tyr (Pen4 – YW) or Phe (Pen5 – FW), the endothermic bindings of
the two peptides were enhanced (Figure 3-21B and C). And when both Trp residues are replaced
with Tyr and Phe (Pen11 – YF), the endothermic heat formation from the interaction increases the
most (Figure 3-21D). Therefore, supported by the CD and fluorescence data shown above, Trp
residues can enhance the interaction of penetratin with PE/PG vesicles and assist the deeper
penetration of Pen1 in the more hydrophobic or less polar lipid zones. In other words, Trp enhances
this deeper interaction through an increase in negative enthalpy, which results in a decrease in the
overall endothermic heat profile. Replacing one of the two or both Trp residues with other aromatic
residues results in a weaker interaction with the bilayer’s hydrophobic interior and the peptides
prefer to stay closer to the surface or at the interface of PE/PG lipid bilayers, 49,53 resulting in an
enhancement of the endothermic binding.
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Figure 3-21. Heat profiles of the binding of Pen1 and its aromatic analogues with PE/PG
lipid vesicles.
A, ITC measurement of 10 µM Pen1 in 10 mM PE/PG lipid vesicles.
B, ITC measurement of 10 µM Pen4 in 10 mM PE/PG lipid vesicles.
C, ITC measurement of 10 µM Pen5 in 10 mM PE/PG lipid vesicles.
D, ITC measurement of 10 µM Pen6 in 10 mM PE/PG lipid vesicles.

Table 3-7. Thermodynamic parameters of binding of Pen1 and its aromatic analogues with
PE/PG lipid vesicles.
Peptides
10 μM Pen1
(WW)
10 μM Pen4
(YW)
10 μM Pen5
(FW)
10 μM Pen6
(YF)

Ka (M-1)
1.00E4 ± 0

∆𝐺𝑎 (cal.mol-1)
-5532

∆𝐻𝑎 (cal.mol-1)
43.34

∆𝑆𝑎 (cal.mol-1.K-1)
18.4

2.51E3 ± 0.86E3

-4710

77.40

15.8

2.37E3 ± 1.71E3

-4681

75.83

15.7

9.04E3 ± 1.98E3

-5487

47.82

18.3
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Finally, the two-stage interaction between Pen2 with PE/PG lipid vesicles is strongly
affected when replacing one of the two Trp residues with either Tyr or Phe. Figure 3-22A shows
a two-stage interaction between Pen2 and PE/PG vesicles. The first stage is an endothermic process
with positive heat of binding (unfavourable enthalpy), and the second stage is an exothermic
process with negative heat of binding (favourable enthalpy). When the Trp residue at position 14
in penetratin was replaced with Tyr (Pen9 – YW) or Phe (Pen10 – FW), the first stage of
endothermic heat of binding increased (unfavourable enthalpy) but the successive second stage of
exothermic heat of binding decreased (slight favourable enthalpy) (Figure 3-22B and C). When
both Trp residues were replaced with Tyr and Phe (Pen11 – YF), the heat of the endothermic
binding increased the most comparatively (unfavourable enthalpy), but the second stage is only
weakly exothermic (neutral enthalpy) (Figure 3-22D). Therefore, similar to the ITC results in the
interaction between the unprotected peptides with the PE/PG lipid vesicles, the endothermic
binding is enhanced when the two Trp residues are replaced with Tyr and Phe. Similar to the
interaction between the protected peptides with PC/PG vesicles, the exothermic heat of binding is
decreased when the two Trp residues are replaced with Tyr and Phe.
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Figure 3-22. Heat profiles of the binding of Pen2 and its aromatic analogues with PE/PG
lipid vesicles.
A, ITC measurement of 10 µM Pen2 in 10 mM PE/PG lipid vesicles.
B, ITC measurement of 10 µM Pen9 in 10 mM PE/PG lipid vesicles.
C, ITC measurement of 10 µM Pen10 in 10 mM PE/PG lipid vesicles.
D, ITC measurement of 10 µM Pen11 in 10 mM PE/PG lipid vesicles.
The thermodynamic parameters of the interactions of Pen2 and the other protected aromatic analogues with
PE/PG lipid vesicles could not be determined because no model of binding that was attained.
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indicates

that:

; where 𝑧 + is the relative charge of cations, 𝑧 − is the

relative charge of anions, e is the charge of an electron, 𝜀0 is a constant permittivity of the free
space, 𝜀𝑟 is the relative permittivity of the medium, and r is the displacement between the two
ions.98,99
As mentioned previously, ITC analyses provide evidence that interaction of Pen2 with
PC/PG vesicles is an exothermic process, whereas Pen1 shows no heat of binding (Figure 3-14).
From the Coulomb’s Law for two-point charges, the exothermic (or negative enthalpy) binding
process between Pen2 and PC/PG vesicles can be caused by an attractive electrostatic interaction
between the positively charged peptide and the negatively charged phosphate groups of the lipid
bilayer (Figure 3-14 and 3-19).
Even though the overall charge of the lipid bilayers in PC/PG and PE/PG vesicles are very
similar, the heat of interaction profiles in the two cases are different in Figures 3-14 and 3-16. Both
Pen1 and Pen2 show endothermic binding profiles in interacting with PE/PG vesicles, which could
be partly a result of a repulsive electrostatic interaction between the positively charged peptide and
the positively charged amino headgroups PE/PG vesicles.
ITC measurements also emphasize the importance of Trp residues on the membrane
association of penetratin. When replacing these residues with other aromatic amino acids, the
exothermic binding process diminishes, and the endothermic binding process is enhanced (Figures
3-21 and 3-22). Therefore, based on these results, it seems that Trp residues bind to the membrane
surface in a tilt orientation in which Trp6 inserts deeper to the membrane than Trp14. This binding
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is an exothermic process that enhances hydrophobic interaction with the membrane interface and
hydrophobic core.49,53
As penetratin inserted deeper to the more hydrophobic region, the distance between the
two Trp fluorophores become larger than its distance when it inserted closer to the polar head
group. This is consistent with the result of an increase in the distance between the two Trp residues
when the peptide is in a less polar environment.49,81 Thus, when the penetratin peptide interacts
deeper to the membrane, its helical secondary structure becomes more relaxed as the helicity
decreases,51 and tryptophan residues play an important role in the interaction and penetration of
peptides and proteins with lipid membranes. Our ITC and FRET measurements could give a better
understanding of the membrane interaction mechanism of penetratin as an essential part of its
biological function.
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CHAPTER 4 - CONCLUSION
My research project focused on the biophysical analysis of penetratin and its aromatic
analogs by studying the conformational changes and thermodynamics of the interaction of these
peptides with model lipid membranes. In the interaction of penetratin and its protected analogue
with model lipid bilayers, their structure was changed from unordered in buffer solution and in the
presence of PC lipid vesicles to α-helical when incubated with PE/PG and PC/PG lipid vesicles.
The unprotected penetratin peptide Pen1 was less helical than the protected version, Pen2. The
helicity of the penetratin peptide could increase the possibility of its self-association during the
interaction with PE/PG and PC/PG lipid vesicles. Also, compared to other lipid systems used in
this study, penetratin showed its strongest interaction with PE/PG bilayers with penetration into
the hydrophobic and/or less polar areas of the bilayer. This interaction was weaker in PC/PG
vesicles and almost undetectable in PC lipid vesicles. The ITC results showed the importance of
electrostatic interaction between penetratin and the charge density at the lipid membrane surface.
The protected penetratin showed more helical structure compared to the unprotected penetratin,
and a deeper interaction with the hydrophobic region of the membrane. The more helical the
structure of penetratin is, the easier its insertion into the membrane interior. Monitoring the
distance between the two Trp fluorophores in penetratin provided a good estimate of its
conformational dynamics in different environments. In a fully extended chain, with a 3.6 Å rise
per residue, the distance between Trp-6 and Trp-14 is close to 28 Å. In Pen2, this distance was
reduced to ~14-15 Å in PC/PG and PE/PG lipid systems. These values are close to ideal helical
structure dimensions (12 Å),100 or to the distance in 80% TFE (a helix-inducing solvent).
Contraction of the peptide conformation and its transformation into a helical structure is an
essential part of the mechanism of the penetration.
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Both spectroscopic and calorimetric data provide strong evidence of self-association of
penetratin into an oligomer in the presence of lipid membranes. CD spectra of the peptide at
relatively low concentrations (P/L: 1/50 molar ratio) in both PE/PG and PC/PG lipid systems show
a self-association process, which can be related to the mechanism of biological activity of
penetratin. A possible qualitative interpretation of the ITC data for Pen2 interaction with PE/PG
lipid vesicles is that in the two-stage heat profile of Pen2 in PE/PG lipid system, the initial
endothermic stage happens at very high P/L molar ratios. Peptide in the endothermic stage can be
highly associated in lipid vesicles. This stage of interaction with lipid is driven by entropy at the
expense of great stress on the bilayer structure as the enthalpy of interaction is positive. Once most
of the peptides are partitioned into the lipid vesicles and the concentration of the peptides in
solution is considerably reduced, most likely the remaining peptides interact with vesicles as
monomers. This process is exothermic, and enthalpy could have an essential role in the peptide
partition into the membrane.
The effect of aromaticity on penetratin’s mechanism of interaction with model lipid
bilayers reveals the important role of Trp residues in leading the penetratin into the interior
hydrophobic core and possibly across the cell membrane. Based on the data provided in the Results
and Discussion section, Trp residues assist the insertion of the entire penetratin peptide into the
deeper hydrophobic region of the membrane, while the other analogues with one or none Trp
residues reside closer to the outer surface of the membrane. The calorimetric results also show that
Trp residues enhance the interaction of penetratin with lipid membranes through an exothermic
process by increasing the negative enthalpy.
Figure 4-1 illustrates a general qualitative picture of the mechanism of the interaction of
penetratin with lipid membranes: when approaching the membrane, the secondary structure of the
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penetratin is changed from unordered to α-helical. The two Trp residues assist the peptide to insert
deeper into the hydrophobic region of the membrane even though there is a repulsive force between
the positively charged penetratin molecule and the positively charged head groups of the
membrane that results in an endothermic interaction. During the interaction with the bilayered
membrane, with an addition of penetratin molecules and the possibility of inserting further into
the more hydrophobic region of the membrane, the α-helical penetratin associates causing
membrane structure disturbance that results in an exothermic interaction. Finally, from a reviewed
computational study, the positively charged residues (Arg10, Arg11, Lys13, Lys15 and Lys16) in
penetratin could assist the peptide to break out of the membrane barrier and move into the inside
of the cell.51 The mechanism of translocation across the cell membrane for this peptide and a full
homeoprotein are in part identical since all mutations blocking the entry of the third helix has the
same effect on that of the full-length proteins.16,26,37
This research project significantly elaborated more details on interaction of penetratin
and its aromatic analogues with model lipid bilayers. In addition to the role of Trp6 in inserting
the peptide into the membrane, Trp16 residue also simultaneously assist the peptide to interact
deeper to the membrane. The α-helical structure of this peptide (which is the third helix in the
structure of homeodomain) was proven to provide a better interaction and penetration across the
lipid membrane. And, cell-association of this helix during the interaction with lipid membrane
could be a driving force of the membrane disturbance and penetration of the peptide through the
membrane. In the further studies of this research project, the penetration process could be studied
by analyzing the membrane disturbance from calcein leakage assay and fluorescence
spectroscopy.
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Figure 4-1. A general qualitative illustration of the mechanism of the interaction of
penetratin with PE/PG lipid membrane.
When approaching the membrane, the secondary structure of the penetratin is changed from
unordered to α-helical (the inset). During the interaction with the membrane, the Trp residues assist
the peptide interacts deeper to the more hydrophobic region of the membrane. With an increase in
the concentration and a possibility of inserting further to the more hydrophobic region of the
membrane, penetratin peptides can aggregate and cause membrane disturbance, and finally, it
could cause the process of penetration to break out of the membrane and move to the inside of the
cell.
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Appendices

Appendix 1A. The full cycle of peptide synthesis.

Appendix 1B. The list of penetratin and penetratin analogues synthesized and purified
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Appendix 2A. Schematic procedure of SPPS using Wang resin.

Appendix 2B. Schematic procedure of SPPS using Rink resin.
Acetylating to protect the N-terminal of the last amino acid, stabilize the overall peptide molecule, and
enhancing the helicity of the peptide. Acetylation protocol: Suspend the resin in a DMF solution containing
acetic anhydride (50 equivalents based on resin substitution) and DIPEA (50 equivalents based on resin
substitution). Gently shake at room temperature for 30 minutes. Filter and wash the resin with DMF.
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[M+5H]5+

[M+4H]4+

[M+6H]6+
[M+3H]3+

Appendix 3. Mass spectrum of purified penetratin.
The left panel in Appendix 3 shows the spectra that display charge states of +6, +5, +4, +3,
and +2, which correspond to the m/z of 375.6, 450.5, 562.7, and 749.8. The right graph
shows the full mass calculated from raw data mass spectrum; mass spectrum shows a very
clean pure product with the molar mass of 2248 Da.
Specifically, a single spectrum displays charge state m/z:
[M+6H]6+ = 375.6 m/z
M+6 = 6 x 375.6
M = 2247.6 (Da)

[M+4H]4+ = 562.7 m/z
M+4 = 4 x 562.7
M = 2246.8 (Da)

[M+5H]5+ = 450.5 m/z
M+5 = 5 x 450.5
M = 2247.5 (Da)

[M+3H]3+ = 749.8 m/z
M+3 = 3 x 749.8
M = 2246.4 (Da)

Average mass =

2247.6+2247.5+2246.8+2246.4
4
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Appendix 4. Structure of trifluoroethanol (TFE) which was used to make 50% TFE/buffer.
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